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Introduction 


It  is  surprising  that,  almost  at  the  end  of  the  second  millennium  and  some  three 
centuries  after  Sir  Isaac  Newton  provided  evidence  for  the  existence  of  an 
electromagnetic  spectrum,  there  still  remains  a  spectral  region  that  is  relatively 
inaccessible  and  under-exploited.  Over  the  last  few  years,  however,  terahertz 
frequency  science  and  technology  have  made  significant  advances  and  the  entire  field 
is  now  poised  for  a  period  of  substantial  growth.  Recent  developments  in  impulsive 
generation  technologies  have  been  matched  by  new  advances  in  both  novel  electronic 
concepts  and  in  the  refinement  of  traditional  devices  and  systems.  In  step  with  these 
technological  activities,  there  has  been  a  constant  effort  in  the  underpinning  science 
—  especially  using  new  types  of  spectroscopic  tools— that  has  provided  a  springboard 
from  which  to  launch  new  devices  and  to  improve  the  performance  of  existing  systems. 

The  Conference  on  Terahertz  Spectroscopy  and  Applications  took  place  as  part  of  the 
EOS/SPIE  International  Symposium  at  the  ICM,  Munich,  Germany  from  16-18  July 
1 999.  Approximately  40  talks  were  given,  together  with  a  matching  number  of  posters. 
The  meeting  was  attended  by  approximately  80  people,  drawn  from  both  the  "optical" 
and  "electronic"  traditions  of  the  subject.  The  speakers  provided  overviews  of  their 
specific  topics,  which  helped  the  audience  to  appreciate  the  significance  and  extent 
of  the  work  under  discussion.  The  discussion  sessions  after  each  talk  were  stimulating, 
and  testified  to  the  excellence  of  the  presentations  and  the  degree  of  interest  aroused. 
The  poster  session  proved  to  be  exceptionally  well-received,  and  in  this  context  one 
of  our  sponsors  (QMC  Instruments  Ltd.)  is  to  be  thanked  for  the  refreshments  that 
helped  the  conviviality  of  the  occasion. 

The  papers  that  are  contained  in  this  volume  are  the  majority  of  those  presented  in 
Munich;  they  have  subsequently  been  refereed  by  the  organ  izingcommittee  and  other 
experts.  They  cover  the  full  range  of  topics  considered  at  this  meeting,  and  the  editors 
(Paul  Harrison  and  Ekkehard  Schomburg)  hope  that  they  will  serve  as  a  reference  point 
in  the  development  of  the  field. 

Finally,  as  chair  of  this  lively  and  thought-provoking  meeting,  I  would  like  to  express 
my  sincere  thanks  to  the  U.S.  Department  of  the  Air  Force,  European  Office  of 
Aerospace  Research  and  Development,  London,  for  their  generous  subvention  that 
enabled  the  organizers  to  assist  several  speakers  to  attend.  The  organizations  of  SPIE 
and  EUROPTO®  are  also  thanked  for  help  throughout  the  event  and  for  technical 
assistance  with  the  proceedings  publication. 


J.  Martyn  Chamberlain 
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Abstract 

Far-inffared  (X  =  SSpm)  electroluminescence  is  investigated  in  quantum  cascade  structures. 
Narrow  luminescence  peak  with  a  Full-Width  at  Half  Maximum  of  0.7meV  are  measured  at  low 
excitation  currents  (30A/cm^)  and  low  temperature  (T  =  5K).  The  temperature  dependence  of  the 
luminescence  efficiency  is  studied  systematically  up  to  120K,  showing  the  interplay  between 
electron-electron  and  optical  phonon  emission. 

Electroluminescence  is  also  studied  in  a  structure  based  on  a  diagonal  (photon-assisted  tunneling) 
transition  and  compared  with  the  magnetotransport  data.  Wider  luminescence  peaks  and  intrinsic 
instabilities  are  observed. 


Quantum  cascade  lasers  based  on  intersubband  transitions!  1]  have  now  demonstrated  very  high  level  of 
performances  in  the  mid-infrared.  We  study  here  the  application  of  the  same  technology  to  the  far- 
infrared,  where  the  lack  of  convenient  sources  is  specially  strong. 
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Fig.  1  Optical  output  power  (top  graph)  and  bias  (lower  graph)  versus  injected  current.  Inset: 

schematic  band  structure  of  the  device 
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Our  structure  was  grown  by  molecular  beam  epitaxy  on  a  n-doped  GaAs  substrate  and  consists  of  35 
periods.  As  shown  in  the  inset  of  Fig.  1  ,  one  period  of  our  structure  consists  of  four  GaAs  quantum 
wells  separated  by  thin  Alo.isGao.ssAs  tunnel  barriers.  The  emission  occurs  in  the  28nm  well  through  a 
vertical  transitions,  i.e.  the  optical  transition  proceeds  between  two  states  with  a  strong  spatial  overlap. 

For  the  experiments,  the  samples  were  processed  into  450pm  X  450pm  mesas  and  the  light  coupled 
using  a  metal  grating  with  a  15pm  periodicity.  The  samples  were  mounted  on  the  cold  finger  of  a  He 
flow  cryostat,  and  the  current  driven  in  pulsed  mode.  The  light  was  then  collected  by  an  off-axis 
parabolic  mirror  with  an  f/ 1.5  aperture  and  sent  through  a  Fourier  transform  infrared  spectrometer 
(FTIR)  on  a  liquid-helium  cooled  Si  Bolometer  detector  The  entire  optical  path  was  purged  by  dry  air 
to  minimize  water  vapor  absorption. 

In  Fig.  1,  simultaneous  measurements  of  the  voltage  and  optical  output  power  versus  injection  current 
performed  are  reported  for  temperatures  of  T  =  5K  (upper  curve)  and  80K  (lower  curve).  In  contrast 
to  measurements  performed  on  mid-infrared  devices,  the  luminescence  efficiency  is  not  constant.  At 
T=5K,  the  optical  power  rises  sublinearly  up  to  a  current  of  I  ~  80mA.  The  characteristic  is  more 
linear,  with  a  lower  efficiency,  at  T=80K.  The  spectral  measurement  show  that  the  abrupt  change  in 
optical  power  above  I = 80mA  (for  T=5K)  and  100mA  (for  T=80K),  which  is  correlated  with  an 
abrupt  increase  of  the  applied  voltage,  arises  when  the  ground  state  g  of  the  injector  is  not  anymore 
resonant  with  the  upper  state  n=2  of  the  optical  transition  and  a  Negative  Differential  Resistance 
(NDR)  occurs. 

Spectral  measurements  of  the  luminescence  were  performed  using  the  FTIR  in  the  step-scan  mode,  the 
signal  being  detected  with  a  lock-in  amplifier.  A  few  representative  spectra  taken  for  increasing 
injected  currents  at  T=5K  are  displayed  in  Fig.  2.  They  show  that  the  luminescence  spectrum  mainly 
consists  of  one  narrow  peak  centered  at  a  wavelength  of  A, = 88pm.  This  peak  is  easily  identified  to 
correspond  to  the  n=2  to  n=l  transition  in  the  28nm  well,  since  its  measured  photon  energy  of 
hv  =  14.  ImeV  corresponds  very  well  to  the  calculated  value  of  the  n=2  to  n= 1  transition  energy . 
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Fig  2  Electroluminescence  spectra. 

The  FTIR  allows  us  to  spectrally  resolve  the  luminescence  peak  and  we  measure  a  full  width  at  half 
maximum  of  0.7meV.  The  optical  spectrum  (inset  of  Fig.  2)  in  the  region  of  negative  differential 
resistance  is  extremely  broad  (>30meV)  and  features  many  additional  peaks.  The  spectrum  is 
consistent  with  a  broad  injection  in  many  energy  levels  from  electron  population  with  a  broad  energy 
distribution.  This  very  good  correlation  between  the  electrical  and  spectral  characteristics  in  the  same 


device  is  a  proof  that  the  electroluminescence  arises  from  a  resonant  tunneling  injection  into  the  n= 2 
state  and  not  from  a  heating  of  the  electron  gas. 


At  low  temperature,  and  in  the  limit  of  low  injection  current  to  prevent  significant  electron  heating, 
optical  phonon  emission  is  forbidden  and  electron-electron  scattering  is  the  most  efficient  scattering 
mechanism.  Our  measurements  are  in  very  good  agreement  with  this  picture.  Because  the  electron- 
electron  scattering  rate  is  approximately  proportional  to  the  electron  density  in  the  upper  subband,  the 
population  (and  the  optical  power)  has  a  square  root  dependence  on  the  injected  current.  As  shown  by 
the  fit  (dotted  lines  in  Fig.  1),  this  is  very  well  observed  in  our  data. 

The  devices  were  also  measured  at  higher  temperatures.  As  shown  in  Fig.  3,  intersubband 
electoluminescence  is  clearly  visible  in  this  structure  up  to  temperatures  of  lOOK.  Above  this 
temperature,  the  peak  broadens  significantly  and  the  emission  dissapears  altogether  at  120K. 


Photon  Energy  [meV] 

Fig.  3.  Luminescence  spectra  as  a  function  of  temperature  for  a  fixed  current  (65mA)  The 
electroluminescence  intensity  decreases  with  increasing  temperature  and  vanishes  altogether  at  T  = 
120K 


Fig.  4  Luminescence  spectra  for  increasing  currents  in  a  structure  based  on  a  photon-assisted  tunneling 
transition.  We  attribute  the  broad  peak  at  hn  =  14meV  to  the  photon-assisted  (interwell)  transition,  and 
the  narrow  peak  at  29meV  to  the  vertical  (intrawell)  transition.  Inset:  Schematic  band  diagram  of  the 
structures,  with  the  arrows  showing  the  two  (interwell  and  intrawell)  transitions 

The  same  characterization  was  also  carried  over  in  a  structure  based  on  a  diagonal  transition  (photon- 
assisted  tunneling  transition)  [3].  The  low  temperature  spectra  show  evidence  of  the  vertical  transition 
as  well  as  the  diagonal  transition.  Some  electrical  tuning  of  the  luminescence  is  apparent  in  Fig.  4.  It  is 
limited  however  by  the  apparition  of  NDR  at  bias  lower  than  ~  1 .  IV.  We  believe  that  the  relatively 
large  width  of  the  peak  corresponding  to  the  photon  assisted  tunneling  transition  is  due  to 
inhomogeneities  in  the  applied  electric  field  along  the  50  periods  of  the  structure. 


This  work  is  supported  by  the  swiss  national  foundation  for  science. 
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ABSTRACT 

High-power  unipolar  GaAs/AlGaAs  lasers  emitting  in  the  14-15  pm  wavelength  range  under  optical  pumping  by  a  pulsed 
CO2  laser  are  investigated.  Operation  of  edge  lasers  with  side-facet  pumping  as  well  as  broad-area  lasers  with  normal- 
incidence  pumping  is  demonstrated.  We  show  that  record  high  optical  powers  can  be  obtained  from  these  quantum  fountain 
unipolar  lasers.  Optical  powers  per  facet  as  high  as  6.6  W  for  edge  lasers  and  7.8  W  for  broad-area  lasers  are  achieved  with 
TMoo  mode  emission.  Extended  tunability  of  the  lasing  wavelength,  is  observed  by  varying  the  pump 

wavelength.  Operating  temperatures  as  high  as  137  K  are  presently  achieved.  Application  of  quantum  fountain  unipolar 
lasers  to  CO2  gas  detection  is  demonstrated. 


Keywords:  unipolar  lasers,  infrared,  intersubband  transitions,  quantum  wells,  semiconductors,  optical  pxunping. 


1.  INTRODUCTION 

Until  recently,  the  available  technology  for  developing  infrared  laser  diodes  above  5  |im  wavelength  relied  on  the 
electron-hole  radiative  recombination  in  narrow-gap  semiconductors  such  as  lead-salt  materials.*  In  these  bipolar  devices, 
population  inversion  is  achieved  by  injecting  enough  electrons  and  holes  into  the  active  region  in  order  to  fill  the  states  close 
to  Brillouin  zone  center.  Population  inversion  is  only  local  in  k-space  because  of  the  opposite  curvature  of  the  conduction 
and  the  valence  bands.  The  required  carrier  concentration  dramatically  increases  with  temperature  as  a  consequence  of  the 
Fermi  statistics.  Narrow-gap  semiconductor  laser  diodes  suffer  from  strong  non-radiative  Auger  recombinations.  The 
activation  energy  of  these  Auger  processes  follows  the  band-gap  energy  and  their  efficiency  grows  like  the  cube  of  the 
carrier  concentration.  They  become  the  dominant  loss  mechanism  as  the  wavelength  gets  longer  or  the  temperature  higher. 
The  adverse  consequences  of  these  Auger  processes  are  the  low  output  powers  and  operating  temperatures  characteristic  of 
long-wavelength  (bipolar)  laser  diodes. 

The  recent  demonstration  of  quantum  well  unipolar  lasers  such  as  the  current  injection  quantum  cascade  (QC)  laser  ^  or  the 
optically  pumped  quantum  foimtain  (QF)  laser  ^  opens  new  prospects  for  the  development  of  high-power  long-wavelength 
lasers  operating  above  liquid  nitrogen  temperature.  The  infiared  emission  in  these  unipolar  lasers  arises  from  the  radiative 
transition  of  electrons  between  confined  subbands  in  the  conduction  band  of  the  quantum  wells.  Because  the  subbands  are 
parallel  in  reciprocal  space,  population  inversion  is  global  and  the  gain  is  concentrated  in  a  narrow  spectral  band.  With 
respect  to  bipolar  laser  diodes,  much  less  carrier  density  is  required  for  inversion.  The  role  of  Auger-like  non-radiative 
channels  remains  negligible,  which  is  favorable  for  achieving  large  optical  powers  and  high  operating  temperatures.  Hie 
non-radiative  relaxation  of  electrons  is  indeed  largely  dominated  by  the  very  efficient  scattering  by  optical  phonons.  Typical 
electron  lifetimes  in  the  excited  state  lay  in  the  picosecond  range  and  an  efficient  injection  mechanism  is  required  for 
achieving  population  Inversion.  In  turn,  quantum  well  unipolar  lasers  are  potentially  very  fest  devices. 
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In  QC  lasers,  tunneling  of  electrons  between  injector/collector  regions  and  the  active  quantum  wells  provides  efficient 
current  injection  in  the  upper  subband  as  well  as  fast  depopulation  of  the  lower  subbands.  In  QF  lasers,  selective  optical 
pumping  from  the  ground  subband  is  used  to  efficiently  promote  electrons  in  the  upper  subband.  The  active  region  consists 
of  quantum  wells  exhibiting  three  bound  electron  states.  Electrons  excited  in  the  upper  state  radiate  to  the  intermediate  state, 
giving  rise  to  the  infrared  emission.  Population  inversion  as  well  as  fast  recycling  of  electrons  into  the  ground  state  is 
provided  by  insuring  a  short  lifetime  of  electrons  in  the  intermediate  state  through  an  enhanced  scattering  with 
LO-phonons.'*  Although  their  operation  imposes  to  use  an  external  pumping  source,  QF  lasers  offer  the  advantage  of  a 
simplified  design  and  have  less  stringent  material  requirements  as  compared  to  QC  lasers.  With  no  current  flow,  doping  of 
the  cladding  layers  and  metal  contacts  are  not  necessary  which  results  in  low  internal  losses  at  long-wavelengths  due  to 
free-carrier  absorption.  In  addition,  the  laser  can  be  operated  far  above  threshold  with  much  less  thermal  penalty  than  in  a 
current  injection  device.  QF  lasers  are  then  expected  to  exhibit  better  performances  in  terms  of  output  power  than  QC  lasers 
at  long-wavelengths  above  10  jim.  Powerful  unipolar  lasers  are  of  interest  for  applications  such  as  remote  trace  gas  sensing 
units  or  LIDAR  systems. 

The  first  observation  of  intersubband  luminescence  in  optically  pumped  quantum  wells  has  been  reported  by  Bales  and  co¬ 
workers.*  In  this  work,  the  quantum  well  structure  was  designed  for  achieving  intersubband  emission  at  far-infrared 
wavelengths,  i.e.  at  photon  energies  well  below  the  optical  phonon  energy,  in  order  to  benefit  from  the  long  scattering  times 
associated  with  acoustic  phonon  emission.  Several  studies  have  addressed  the  possibility  of  population  inversion  in  this 
regime.*’’-*  The  QF  laser  scheme  for  emission  at  energy  above  the  LO-phonon  energy  was  first  proposed  in  1995. 
Experimentally,  intersubband  spontaneous  emissions  have  been  observed  at  wavelengths  of  14-15  pm  in  GaAs/AlGaAs 
coupled  quantum  wells  under  intersubband  optical  pumping  by  a  cw  CO^  laser.*’*  ’  Observation  of  intersubband 
luminescences  have  also  been  reported  under  interband  optical  pumping  at  near-infrared  wavelengths.  Population 
inversion  in  a  QF  laser  scheme  was  first  demonstrated  in  1996  under  optical  pumping  by  an  infrared  free-electron  laser  and 
large  stimulated  gains  have  been  measured  at  12.5  pm  wavelength.**’**.  Lasing  action  was  observed  at  X.  —  15.5  pm  in  1997 
under  optical  pumping  by  a  CO2  laser.**  This  first  Quantum  Fountain  unipolar  laser  delivered  0.6  W  optical  power  per  facet 
and  a  maximum  operating  temperature  of  1 10  K  has  been  achieved. 

In  this  paper  we  review  recent  developments  on  QF  lasers  emitting  in  the  14-15  pm  wavelength  range  under  optical 
pumping  by  a  pulsed  CO2  laser.  We  show  that  record-high  ouqjut  powers  can  be  obtained  by  optimizing  the  QF  laser 
design.  We  also  demonstrate  that  the  lasing  wavelength  can  be  tuned  by  as  much  as  AAA  »  2.5%  simply  by  tuning  the  pump 
wavelength.  We  then  discuss  applications  of  the  QF  laser  to  CO2  gas  detection.  Finally,  we  report  on  broad-area  QF 
unipolar  lasers  and  we  show  that  outstanding  performances  can  be  achieved  in  terms  of  optical  power  and  beam  quality. 

2.  LASER  DESIGN 

Quantum  Fountain  unipolar  lasers  are  optically-pumped  three-level  lasers.  Their  principle  of  operation  is  illustrated  in 
Figure  1,  which  shows  the  conduction  band  profile  of  the  quantum  wells  along  the  grovrth  axis. 


Figure  1:  a)  Conduction  band  profile  of  the  active  quantum  wells  of  a  quantum  fountain  unipolar  laser,  b)  coiresponding 
subband  energy  dispersion  diagram.  The  arrows  indicate  non-radlative  relaxation  channels  via  LO-phonon  emission.  The 
LO-phonon  energy  in  GaAs  is  Elo«36  meV. 
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The  active  region  consists  of  an  asymmetric  coupled  quantum  well  structure  (ACQW)  formed  by  GaAs  wells  and  AlGaAs 
barriers.  The  thickness  and  composition  of  the  five  layers  (the  two  wells,  the  thin  coupling  barrier  and  the  two  outermost 
confining  barriers)  can  be  easily  adjusted  for  obtaining  three  bound  states  at  desired  energies  in  the  conduction  band.  The 
asymmetiy  of  the  structure,  which  is  required  for  direct  optical  pumping  of  electrons  from  the  ground  state  (ej)  to  the 
second  excited  state  (e3),  is  obtained  by  using  different  well  thickness.  In  order  to  populate  the  ground  electron  subband,  n- 
doping  of  the  structure  is  required  either  in  the  wells  or  in  the  barriers  (modulation  doping).  The  intersubband  emission 
takes  place  between  the  second  and  first  excited  states  (63— >e2).  The  emitted  photons  are  down-converted  from  the  pump 
photons  by  an  energy  equal  to  the  energy  spacing  between  the  two  lower  subbands  (e2-ei).  The  emission  wavelength  can  be 
tuned  within  the  mid-infrared  spectral  range  through  a  proper  choice  of  the  structure  growth  parameters. 

Population  inversion  in  this  three-level  system  can  be  achieved  if  the  lifetime  of  electrons  in  the  e2  subband  is  made  shorter 
than  the  scattering  time,  T32,  between  the  e3  and  e2  subbands.  As  shown  in  Ref  ^  tiie  scattering  rates  between  subbands  can 
be  engineered  through  a  proper  choice  of  the  subband  energy  separation.  In  particular,  the  structure  can  be  designed  to 
present  an  energy  spacing  between  the  first  excited  and  ground  subbands  close  to  the  LO-phonon  energy  as  shown  in  Fig.l. 
In  such  a  situation  one  expects  the  e2-»ei  non-radiative  relaxation  to  be  fast  because  the  phonon  wavevector  q  transferred 
to  the  electrons  ( |  q  |  =  |  Ak  | )  after  emission  of  one  LO-phonon  is  close  to  zero,  i.e.  the  relaxation  is  vertical  in  reciprocal 

space.  Indeed,  in  bulk  semiconductors,  the  electron-LO  phonon  interaction  rate  varies  as  1/q^  and  one  can  expect  a  large 
enhancement  of  the  intersubband  scattering  rate  for  zero-momentum  phonons.  In  quantum  wells,  the  situation  is  a  bit  more 
complicated  because  of  the  presence  of  confined  phonon  modes  either  guided  in  the  layers  (the  slab  modes)  or  at  the 
interfaces  (the  interface  modes  or  surface  modes  (SO)).  A  detailed  analysis  of  the  electron-phonon  interaction  for 
engineering  the  scattering  rates  between  subbands  in  ACQW  has  been  reported  in  Ref.*^.  At  low  carrier  concentrations 
=1x10^'  cm‘2,  ^ical  scattering  times  are  calculated  to  be  T2I  “  0.4  ps  and  X32  ~  1.9  ps  for  an  ACQW  structure  with 
E21=Elo  and  E3i=125  meV.  Although  the  scattering  times  are  quite  short,  their  large  difference  ensures  population 
inversion.  At  larger  carrier  concentrations,  i.e.  for  a  Fermi  energy  at  equilibrium  above  the  ground  subband,  it  is  desirable  to 
increase  the  energy  of  the  second  subband  respective  to  the  ground  subband  in  order  to  minimize  the  thermal  population  of 
the  02  subband.  Under  such  conditions,  X21  is  expected  to  increase  but  population  inversion  can  still  be  maintained  and  large 
stimulated  gains  are  predicted  in  optimized  structures 

Based  on  these  considerations,  a  laser  sample  has  been  designed  for  emission  in  the  14-15  pm  wavelength  range  under 
optical  pumping  by  a  CO2  laser.  With  respect  to  our  first  QF  laser  emitting  at  15.5  pm  wavelength,*®  the  design  is  rather 
similar  except  for  two  modifications  aimed  at  enhancing  the  modal  gain  of  the  laser.  The  number  of  active  quantum  well 
structures  has  been  increased  from  100  to  150  and  the  waveguide  has  been  modified  in  order  to  achieve  a  large  81.1  % 
overlap  of  the  TM  mode  within  the  active  region.  The  waveguide  structure  grown  by  molecular  beam  epitaxy  on  an  n-doped 
GaAs  substrate  consists  of  a  5  pm  thick  Alo.9Gao.1As  cladding  layer,  followed  by  a  0.75  pm  thick  GaAs  core  layer,  the  5.1 
pm  thick  multi-quantum  well  layer  and  a  1.75  pm  thick  GaAs  cap  layer.  The  active  structures  separated  by  20  nm  thick 
Alo.35Gao.65As  barriers,  are  asymmetric  coupled  quantum  wells  formed  by  a  7.9  nm  thick  GaAs  wide  well,  a  1.13  nm  thick 
Alo.35Gao.65As  barrier  and  a  5.1  nm  thick  GaAs  narrow  well.  The  quantum  wells  are  modulation  doped  resulting  in  a 
measured  sheet  carrier  density  of  2x10^^  cm"^.  The  transition  energies  are  calculated  to  be  127  meV  and  86.8  meV  for  eie3 
and  0303  transitions,  respectively.  The  e2ei  energy  spacing  is  40.2  meV  which  is  as  desired  slightly  above  the  LO-phonon 
energy  in  GaAs  (36  meV). 

Because  of  the  long  emission  wavelength,  one  major  source  of  losses  is  the  free-carrier  absorption  in  the  doped  layers. 
Based  on  separate  Fourier  Transform  Infrared  (FTER)  spectroscopic  measurements,  we  estimate  fte  waveguide  losses  to  be 
~  20  cm*^  at  the  14.5  pm  emission  wavelength.  These  losses  are  mainly  attributed  to  free  carrier  absorption  in  the  doped 
MQW  active  region.  The  experimental  evolution  with  wavelength  follows  a  X*  law.  The  measurements  also  reveal  a  two- 
phonon  absorption  band  at  13.8  pm,  which  is  attributed  to  the  mixed-mode  Al-Ga  optical  phonons  in  the  thick  Aio.9Gao.1As 
cladding  layer.** 

3.  fflGH-POWER  LASERS  WITH  SIDE-FACET  PUMPING 
The  experimental  arrangement  used  for  side-facet  optical  pumping  of  the  QF  laser  is  shown  in  Figure  2.  The  laser  samples 
are  cleaved  in  2.15  mm  long  bars  and  mounted  on  the  cold  finger  of  a  variable  temperature  ciyostat.  Optical  pumping  is 
provided  by  a  tunable  Edinburgh  MTL-3  mini-TEA  CO2  laser  operated  at  10  Hz  repetition  rate.  The  pump  beam  is  focused 
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using  a  cylindrical  lens  onto  the  2.15  mm-long  side  facet  of  the  sample  with  a  polarization  parallel  to  the  growth  axis.  The 
elliptical  pump  spot  size  is  5x0.4  mm^  at  the  sample  facet  with  the  shorter  axis  perpendicular  to  the  layer  plane.  The  pump 
radiation  coupled  in  the  active  region  experiences  strong  attenuation  by  the  ej— >e3  intersubband  absorption.  At  low  pump 
intensity,  the  penetration  length  which  defines  the  transverse  extent  of  the  gain  region,  is  of  the  order  of  10  pm.  At  pump 
intensities  above  1  MW.cm'^,  the  penetration  length  increases  as  a  result  of  the  ei->e3  absorption  saturation.  Lateral 
confinement  of  the  emission  is  then  provided  by  gain  guiding  in  addition  to  index  guiding  at  the  interface  between  the  side- 
facet  and  air.  The  emission  is  collected  from  one  of  the  cleaved  facets  perpendicular  to  the  side-facet  with  a  frl.2  ZnSe  lens. 
Time-resolved  detection  is  performed  by  a  helium-cooled  quantum  well  infrared  detector  (QWIP)  with  a  cut-off  wavelength 
of  18  pm  and  a  sensitive  area  of  0.45x1.5  mm^.  The  QWIP  detector  offers  the  advantage  of  a  linear  response  even  under 
intense  irradiation.^  Part  of  the  incident  pump  beam  is  detected  for  reference  purposes  by  a  room-temperature  HgCdTe 
photoconductor  with  a  rise-time  of  =1  ns.  The  spectral  response  of  both  the  detectors  and  the  various  optics  has  been 
carefully  calibrated  using  our  FITR  spectrometer. 


Side-facet  optical  pumping  configuration. 


Figure  3:  Oscilloscope  traces  of  the  9.6  pm  pump  (top 
curve)  and  14.5  pm  QF  laser  (bottom  curve)  pulses.  The  QF 
laser  is  cooled  at  20  K. 


Figure  4:  Pump  power  at  threshold  versus  pump  wavelength 
at  a  temperature  of  20  K  and  120K.  The  solid  curves  are 
guides  for  the  eye. 


Lasing  action  has  been  achieved  at  20  K  under  optical  pumping  at  9.6  pm  wavelength.  Figure  3  shows  typical  oscilloscope 
traces  of  the  pump  and  laser  pulses.  The  pump  pulse  delivered  by  the  multimode  longitudinal  CO2  laser  consists  of 
micropulses  with  a  2.6  ns  full  width  at  half-maximum  (FWHM)  in  a  macropulse  with  110  ns  FWHM.  As  seen  in  Fig.3,  the 
laser  emission  follows  the  pump  signal  above  some  threshold.  The  rise  time  of  the  QWIP  signal  is  limited  by  electronics  at 
5  ns  which  is  too  slow  to  fully  resolve  the  multimode  beatings. 
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The  pump  threshold  versus  pump  wavelength  and  sample  temperature  is  reported  in  Figure  4.  For  temperatures  between  20 
and  77  K,  the  pump  threshold  is  of  the  order  of  33  kW  at  9.46  jim.  It  decreases  to  12  kW  as  the  pump  wavelength  gets  in 
closer  resonance  with  the  ej'e^  intersubband  absorption  near  9.6  pm.  At  120  K,  the  minimum  threshold  =  18  kW  is  achieved 
at  a  longer  wavelength  of  9.66  pm.  This  slight  increase  of  the  optimum  pump  wavelength  is  due  to  the  red-shift  of  the 
intersubband  resonance  with  temperature.^*  As  seen,  the  minimum  threshold  is  somewhat  larger  at  120  K  than  at  77  K.  This 
increase  is  a  consequence  of  the  thermal  population  of  the  subband,  which  reduces  available  gain.  Above  120  K,  the 
intersubband  resonance  wavelength  shifts  to  X>9.7  pm  which  is  outside  the  tuning  range  of  our  CO2  laser  over  the  9P 
emission  branch.  Thus,  a  maximum  operating  temperature  of  135  K  has  been  achieved  under  optical  pumping  at  9.68  pm. 
We  stress  that  the  main  intrinsic  mechanism  limiting  the  operating  temperature  is  the  gain  reduction  due  to  the  thermal 
population  of  the  second  subband.  Larger  operating  temperatures  could  be  achieved  by  maintaining  resonant  pumping 
conditions.  One  way  to  increase  the  operating  temperature  is  to  slightly  reduce  the  thickness  of  the  wide  GaAs  quantum  well 
in  order  to  shift  the  pump  absorption  resonance  to  shorter  wavelengths  for  compensating  the  temperature  red-shift  of  the 
resonance. 


Figure  S:  Collected  power  per  facet  versus  the  incident 
pump  power  at  a  temperature  of 20, 77  and  120  K. 


WAVELENGTH  (pm) 


Figure  6:  Normalized  emission  spectra  of  the  QF  laser 
operated  2  times  above  threshold  at  a  temperature  of  20  K. 
TTie  pump  wavelength  is:  a)  9.458  pm,  b)  9.520  pm,  c) 
9.569  pm,  d)  9.640  pm  and  e)  9.676  pm. 


Figure  5  shows  the  collected  power  per  facet  versus  the  incident  pump  power  at  temperatures  ranging  from  20  up  to  120  K. 
The  pump  wavelength  was  9.6  pm  at  20  K  and  9.68  pm  at  120  K.  The  curves  are  constructed  fi-om  the  time-resolved 
evolution  of  the  pump  and  laser  pulses  after  calibration  of  the  detector  response.  The  collected  power  per  facet  at  20  K 
reaches  2.3  W  when  toe  laser  is  operated  at  7  times  above  threshold.  The  evolution  with  pump  power  is  similar  at  20  and 
77  K.  At  120  K,  toe  collected  power  is  of  toe  order  of  1.5  W  when  toe  laser  is  operated  4  times  above  threshold.  Note  that 
toe  power  curve  slope  above  ttoeshold  is  smaller  at  120  K  than  at  20  K,  which  stems  from  a  lower  differential  gain  due  to 
toe  increased  thermal  population  of  toe  62  subband.  To  estimate  toe  collection  efficiency,  we  have  performed  separate  beam 
divergence  measurements  of  toe  QF  laser  emission.  The  divergence  angle  in  toe  plane  of  toe  layer  is  found  to  be  26°,  which 
corresponds  to  a  beam  waist  at  toe  output  facet  of  toe  order  of  10  pm.  The  divergence  angle  6z  in  toe  plane  parallel  to  toe 
growto  axis  could  not  be  measured  due  to  toe  limited  aperture  of  toe  cryostat  windows  but  is  larger  than  50°.  Based  on  our 
calculations  of  toe  TM  mode  profile  at  toe  output  facet,  we  estimate  0z  to  be  60.4°  following  Ref  The  collection 
efficiency  is  then  deduced  to  be  35%.  Accounting  for  this  toctor,  toe  optical  power  per  facet  is  deduced  to  be  as  large  as 
6.6  Wat  20  K. 


Figure  6  presents  normalized  emission  spectra  of  toe  QF  laser  operated  2  times  above  threshold  at  a  temperature  of  20  K. 
The  pump  wavelength  has  been  varied  between  9.458  and  9.676  pm.  The  resolution  of  toe  60  cm-long  infrared  spectrometer 
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used  for  measurements  is  0.4  cm"^.  As  seen,  the  laser  spectrum  is  typical  of  multimode  longitudinal  operation  with  a  mode 
spacing  of  0.69  cm*^  wavenumbers.  Based  on  the  device  length,  the  group  index  deduced  from  the  mode  spacing  is  of  the 
order  of  3.4."  The  major  result  of  Fig.  6  is  the  large  tunability  of  the  peak  lasing  wavelength  between  14.25  and  14.61  Jim 
<=  2.5%)  achieved  by  tuning  the  pump  wavelength.  This  result  is  not  the  signature  of  a  near-resonant  Raman  emission 
process  since  the  shift  of  the  laser  photon  energy  respective  to  the  pump  is  0.72  instead  of  1.^  The  tunability  of  the  QF  laser 
can  be  in  fact  attributed  to  layer  thickness  fluctuations  during  the  long  growth  of  the  multiple  quantum  well  layers.  We  have 
simulated  the  peak  gain  spectral  position  accounting  for  a  one-monolayer  thickness  fluctuation  of  each  of  the  quantum  well 
layers  and  assuming  a  Gaussian  distribution  centered  at  the  nominal  thickness.  The  model  predicts  a  relative  energy  shift  of 
0.7  in  agreement  with  experiments.  The  tunability  range  is  maintained  at  77  K.  Also  seen  in  Fig.  6,  the  emission  spectrum 
gets  narrower  as  the  emission  wavelength  is  shifted  to  14.2  p.m.  This  is  a  consequence  of  the  gain  spectrum  narrowing  as  the 
pump  wavelength  is  tuned  out  of  resonance.  However,  we  cannot  exclude  the  effect  of  increased  internal  losses  as  the 
emission  wavelength  gets  closer  to  the  mixed-mode  Al-Ga  two-phonon  absorption  band  at  13.8  pm  in  the  AlGaAs  alloy 
cladding  layer.*® 


V]  Fund«m»ntal  Band  of 


Figure  7:  (top  curve)  FTIR  transmission  spectrum  of  ambient  air  containing  1%  C02  gas  after  0.25  m  propagation.  The 
rotation-vibration  absorption  lines  of  the  0— >V2  fundamental  band  of  *^C**02  are  indicated  in  the  figure,  (bottom  curves) 
Normalized  emission  spectra  of  the  QF  laser  at  a  temperature  of  20  K  after  2.4  m  propagation  in  ambient  air.  The  laser  is 
respectively  operated  at  3.6  (lower  curve)  and  10  times  (upper  curve)  above  threshold.  The  resolution  of  the  dispersive 
spectrometer  used  for  these  measurements  is  0.4  cm'*. 

The  bottom  curves  of  Figure  7  shows  normalized  emission  spectra  of  the  QF  laser  respectively  operated  3.6  and  10  times 
above  threshold  at  a  temperature  of  20  K.  The  propagation  length  between  the  laser  and  the  detector  is  2.4  m.  As  seen,  holes 
develop  in  the  emission  spectrum.  As  shown  in  fte  top  inset  of  Fig.  7,  these  holes  reflect  the  fundamental  O-V2  rotation- 
vibration  absorption  tines  of  the  CO2  molecule.  We  have  carried  out  separate  experiments  to  assess  the  sensitivity  of  this 
atmospheric  CO2  gas  detection  technique.  We  used  the  QF  laser,  to  measure  the  integrated  transmission  of  a  3  cm  long  gas 
cell  containing  a  mixture  of  CO2  gas  and  air  at  atmospheric  pressure.  Preliminary  results  show  that  the  detection  limit  could 
be  well  below  250  ppm.m  of  CO2  gas  concentration. 
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4.  BROAD-AREA  LASERS  WITH  NORMAL-INCIDENCE  PUMPING 
The  side-facet  pumping  configuration  offers  the  advantage  of  simplicity  for  coupling  the  TM  polarized  pump  beam  into  the 
active  layers.  However,  the  pumping  efficiency  remains  dramatically  small.  Based  on  simple  geometric  considerations,  less 
than  1.5%  of  the  incident  pump  energy  is  used  to  pump  the  QF  laser.  This  figure  may  be  largely  overestimated  since  it  does 
not  account  for  the  effective  coupling  of  the  pump  into  the  waveguide,  which  is  presently  unknown.  One  way  to  enhance  the 
pump  efficiency  is  to  make  use  of  diffraction  gratings  patterned  on  top  of  the  sample  for  normal-incidence  coupling  of  the 
pump  radiation.  The  diffracted  waves  inside  the  sample  have  a  polarization  component  along  the  growth  axis,  which  allows 
efficient  coupling  of  the  pump  to  the  eie3  intersubband  transition.  Besides,  the  normal-incidence  pumping  configuration  is 
well  suited  for  pumping  broad-area  lasers. 


a)  b) 

Figure  9:  a)  Dependence  of  pump  threshold  on  the  angle  of  incidence  for  three  different  wavelengths  indicated  on  the  figure, 
b)  Minimum  threshold  pump  energy  versus  pump  wavelength. 

The  1.75  pm  thick  GaAs  cap  layer  has  been  used  to  pattern  1  mm  wide  transmission  gratings  by  means  of  standard 
photolithographic  and  dry  etching  techniques.  The  grating  period  is  3.14  pm  with  a  duly  cycle  of  0.7  and  an  etched  depth  of 
1  pm.  The  grating  efficiency  (±1  diffraction  orders)  is  calculated  to  be  35%.^  After  thinning  the  GaAs  substrate,  1.5  mm 
long  laser  samples  have  been  cleaved  and  mounted  on  the  cold-finger  of  a  liquid  nitrogen  cryostat.  Figure  8  shows  the 
experimental  arrangement.  A  cylindrical  lens  is  used  to  focus  die  CO2  laser  beam  onto  the  sample  surface  with  a  spot  size  of 
5x0.5  mm*.  Lasing  action  is  achieved  parallel  to  the  grooves  between  the  cleaved  facets  of  the  sample.  It  should  be  noted 
that  the  laser  is  gain  guided  and  that  the  width  of  the  active  region  along  the  y  axis  where  positive  gain  occurs,  increases 
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with  pump  intensity.  The  emission  from  one  facet  is  collected  with  a  f/1.1  ZnSe  lens  and  then  refocused  onto  the  QWIP 
detector  with  a  magnification  factor  of  4. 

The  angle  of  incidence  of  the  pump  radiation  onto  the  surface  of  the  sample,  0,  is  of  critical  importance  for  achieving  good 
coupling  efficiency  and  low  thresholds.  Figure  9.a)  shows  both  the  pump  energy  incident  on  the  sample  and  the  pump 
power  at  threshold  versus  angle  of  incidence  for  three  pump  wavelengths.  As  expected  from  grating  theory,  the  angle  of 
incidence  corresponding  to  the  minimum  pump  threshold  is  dependent  on  wavelength.  Figure  9.b)  shows  the  pump 
threshold  energy  as  a  function  of  pump  wavelength.  For  each  wavelength,  the  angle  of  incidence  has  been  adjusted  to 
minimize  the  threshold  energy.  The  spectral  evolution  of  the  threshold  exhibits  a  sharp  resonance  with  a  full  width  at  half 
minimum  of  1.8  meV.  As  seen,  thresholds  as  low  as  200  pJ  are  achieved  at  a  pump  wavelength  of  9.64  pm.  The 
corresponding  threshold  pump  power  is  8  kW.  This  threshold  value  is  smaller  than  that  obtained  on  2.15  mm  long  QF  lasers 
with  side-facet  pumping.  It  should  be  noted  that  the  distributed  optical  losses  in  the  present  1.5  mm  long  sample  are 
Increased  from  5.6  to  8.5  cm‘*. 


Figure  10;  temporal  evolution  of  a  typical  pump  pulse  at  9.64  pm  wavelength  (top  curve)  and  of  the  QF  laser  power 
collected  by  the  QWIP  detector.  0  is  set  at  3.3°  to  minimize  pump  threshold.  The  pump  energy  is  1.27  mJ  for  a)  and  2.55  mJ 
for  b)  and  c).  For  c),  the  detector  has  been  moved  by  0.5  mm  along  y-axis  in  the  focal  plane. 

Figure  10  displays  the  multimode  pump  pulse  and  the  corresponding  temporal  evolution  of  the  QF  emission  at  14.7  pm 
wavelength.  The  pump  wavelength  is  set  at  9.64  pm  and  the  angle  of  incidence  has  been  adjusted  for  minimum  threshold 
(8  kW).  The  energy  of  the  pump  pulse  incident  on  the  sample  is  1.27  mJ  for  a)  and  2.55  mJ  for  b)  and  c).  The  response  of 
the  QWIP  detector  at  the  emission  wavelength  has  been  carefully  calibrated.  Not  shown  in  Fig.l0,  at  pump  energies  below 
1.2  mJ,  the  QWIP  signal  closely  follows  the  pump  pulse  above  threshold.  At  a  pump  energy  of  1.27  mJ  (curve  a),  the 
emission  still  follows  the  pump  pulse  above  threshold  but  some  saturation  is  visible  at  maximum.  The  collected  power 
reaches  2.4  W  at  a  pump  power  of  35  kW,  i.e.  4.4  times  above  threshold.  At  higher  pumping  energy,  the  shape  of  the 
emission  pulse  is  radically  changed.  As  shown  by  curve  b),  the  collected  power  follows  the  pump  power  at  the  initial  and 
final  stages  of  the  pump  pulse  but  an  opposite  behavior  is  observed  for  pump  powers  above  35  kW.  The  collected  power 
drops  by  almost  50%  at  the  peak  of  the  pump  pulse  (120  kW).  This  behavior  is  attributed  to  a  mode  switching  at  higher 
pump  powers  from  TMoo  to  TMoi  and  to  the  limited  imaging  area  viewed  by  the  detector.  By  moving  the  detector  0.5  mm 
away  from  its  on-axis  position  along  the  y  axis,  an  emission  pulse  is  detected  as  shown  by  curve  c).  The  pump  threshold  is 
of  the  order  of  35  kW  and  the  emission  power  grows  with  pump  power.  These  results  give  clear  indication  that  the  laser 
switches  to  higher  transverse  mode  under  intense  excitation.  TTiis  effect  is  directly  related  to  the  intensity-dependent  extent 
along  the  y  axis  of  the  active  region  in  the  present  gain-guided  laser.  It  should  be  noticed  that  the  intrinsic  response  time  of 
the  QF  unipolar  laser  is  extremely  fast  since  it  is  limited  by  the  electron  lifetime  in  the  upper  subband  (0.7  ps).  In  the  present 
experiments,  the  QWIP  detector  is  not  fest  enough  to  resolve  the  micropulse  structure  of  the  QF  laser  emission  induced  by 
multimode  laser  pumping.  The  emission  of  the  QF  laser  is  expected  to  be  a  train  of  micropulses  with  less  than  2.6  ns 
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FWHM.  Mode-switching  from  TMoo  to  TEMoi  is  likely  to  occur  within  individual  micropulses  at  pump  powers  exceeding 
35  kW. 

We  have  carried  out  separate  measurements  to  estimate  the  output  beam  intensity  profile.  At  pump  energies  below  1  mJ,  the 
output  mode  is  confirmed  to  be  TMoo-  The  divergence  angle  in  the  layer  plane,  is  remarkably  small.  The  beam 

diameter  at  the  output  facet  is  deduced  to  be  =120  pm.  As  seen,  the  in-plane  divergence  angle  of  the  broad-area  QF  laser  is  a 
factor  of  5  smaller  than  the  value  obtained  for  QF  lasers  with  side-facet  pumping.  This  low  in-plane  divergence  is  of  course 
a  consequence  of  the  larger  spatial  extent  of  the  active  region  along  the  y  axis  achieved  with  surface  pumping  with  respect 
to  slde-frcet  pumping.  However,  we  cannot  exclude  additional  improvement  of  the  mode  quality,  i.e.  mode  filtering,  due  to 
the  presence  of  the  top  grating.^  Because  of  the  strong  confinement  of  the  TM  emission  along  the  growth  axis,  the 
divergence  angle  in  the  xz  plane  remains  very  large  and  could  not  be  measured  due  to  the  limited  aperture  of  the  cryostat 
windows.  We  estimate  Q^<=60A°  as  for  side-facet  pumped  lasers.  The  collection  efficiency  is  then  deduced  to  be  <53%  for 
the  TMoo  emission. 


Fig  11:  collected  power  versus  pump  power.  The  pump  (emission)  wavelength  is  9.67  pm  (14.8  pm),  9.64  pm  (14.7pm)  and 
9.55  pm  (14.55  pm)  for  curves  a),  b)  and  c),  respectively.  Hie  angle  of  incidence  0  =  2.6  ®  has  been  adjusted  for  achieving 
large  output  powers. 

Figure  1 1  shows  the  collected  power  versus  pump  power  for  three  different  pump  wavelengths.  For  each  pump  wavelength, 
the  angle  of  incidence  of  the  pump  radiation  has  been  adjusted  to  achieve  maximum  output  power  under  intense  pumping. 
As  seen,  the  threshold  pump  power  is  increased  by  almost  a  factor  of  2  with  respect  to  measurements  at  an  angle  of 
incidence  optimized  for  low-threshold  operation.  For  a  pump  power  3  times  above  threshold,  the  collected  power  reaches 
4.16  W,  3.8  W  and  1.7  W  at  a  pump  wavelength  of  9.67  pm  (a),  9.64  pm  (b)  and  9.55  pm  (c),  respectively.  As  for  side-facet 
pumped  QF  lasers,  the  laser  wavelength  is  found  to  be  dependent  on  pump  wavelength  and  is  measured  to  be  14.8  pn, 
14.7  pm  and  14.55  pm  for  curves  a),  b)  and  c),  respectively.  The  saturation  visible  in  curve  a)  at  large  pump  powers  is 
attributed  to  the  onset  of  the  second  transverse  mode,  which  is  not  detected  by  the  QWIP  detector.  Using  a  conservative 
value  of  53%  for  the  collection  efficiency,  the  output  power  per  facet  of  the  QF  laser  operated  in  the  TMqo  mode  is 
estimated  to  be  at  least  7.8  W  for  48  kW  pumping  at  9.64  pm.  This  value  sets  a  new  record  high  for  a  semiconductor  laser 
emitting  at  long  mid-IR  wavelengths.  It  should  be  noted  that  much  higher  output  powers  can  be  achieved  under  more 
intense  pumping  conditions.  However,  in  this  case  the  broad-area  QF  laser  is  multimode  transverse. 

5.  CONCXUSION 

In  conclusion,  we  have  reported  on  high-power  unipolar  GaAs/AlGaAs  lasers  emitting  in  the  14-15  pm  wavelength  range 
under  optical  pumping  by  a  pulsed  CO2  laser.  Operation  of  edge  lasers  with  side-fricet  pumping  as  well  as  broad-area  lasers 
with  normal-incidence  pumping  has  been  demonstrated.  We  have  shown  that  record  high  optical  powers  can  be  obtained 
from  these  quantum  fountain  unipolar  lasers.  Optical  powers  per  facet  as  high  as  6.6  W  for  edge  lasers  and  7.8  W  for  broad- 
area  lasers  are  achieved  with  TMoo  mode  emission.  Extended  tunability  of  the  lasing  wavelength,  AX/A?=2.5%,  has  been 
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observed  by  varying  the  pump  wavelength.  Applications  to  gas  detection  has  also  been  investigated.  The  overall 
performances  of  QF  lasers  make  them  excellent  candidates  for  applications  such  as  remote  gas  sensing  or  LIDAR  systems. 
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ABSTRACT 

Electron-longitudinal  optic  phonon  and  electron-electron  intersubband  scattering  rates  are  calculated  for  a  variety  of 
quantum  well  systems.  It  is  demonstrated  that  the  internal  quantum  efficiency  of  a  Terahertz  radiative  intersubband 
transition  can  be  greater  than  in  the  mid-infrared  at  4  K,  however  by  room  temperature  has  fallen  to  around  20%.  A 
study  of  the  internal  quantum  efficiency  of  a  Terahertz  energy  intersubband  transition  in  double  and  single  quantum 
wells,  has  shown  that  the  vertical  intrawell  transition  is  more  efficient  than  the  diagonal  interwell  transition. 

Keywords:  Terahertz,  infrared,  intersubband,  quantum  well,  quantum  cascade,  lasers 

1.  INTRODUCTION 

Besides  higher  powers,  and  higher  temperatures  of  operation,  one  of  the  main  development  goals  of  quantum  cascade 
lasers  has  been  to  extend  their  operating  wavelength.  Successive  devices  have  moved  this  from  the  4-8  fxm  centre 
of  the  mid-infrared, through  11,^  13^  and  recently  17  /rm.®  It  is  clear  that  the  potentially  high  returns  of 
accessing  the  Terahertz  (10-1  THz)  or  far-infrared  (30-300  nm)  are  motivating  workers  to  strive  for  much  much 
longer  wavelengths  and  recently  Rochat®  reported  electroluminescence  from  a  quantum  cascade  device  at  88  /im 
which  is  deep  into  the  Terahertz  region  (3.4  THz). 

Quantum  cascade  lasers  work  via  carrier  scattering.  Electrons  enter  a  semiconductor  layer  stack  through  an 
emitter  and  cascade  through  successive  active  regions.  Within  any  one  particular  active  region  the  majority  of  the 
transitions  are  non-radiative  and  produce  no  photons.  However  the  unique  idea  of  carrier  recycling  and  subsequent 
injection  into  the  next  active  region  compensates  for  the  low  efficiency  and  results  in  useful  levels  of  output  power. 
In  principle,  any  one  electron  can  produce  many  photons  during  a  single  passage  through  a  device. 

Whilst  stimulated  emission  requires  more  electrons  to  be  in  an  excited  state  them  in  the  ground  state,  i.e.,  a 
population  inversion,  optical  gain  and  subsequent  lasing  action  relies  upon  reaching  a  particular  photon  density 
within  the  device.  Both  of  these  points  are  dependent  upon  the  carrier  dynamics.  The  former  on  the  ratio  of  two 
scattering  rates,  see  for  example'^"®  and  one  factor  in  achieving  the  latter  is  the  internal  quantum  efficiency.  For  any 
particular  transition  this  is  defined  as 

_  spontaneous  radiative  emission  rate 
^  total  intersubband  scattering  rate 

It  gives  a  measure  of  the  proportion  of  electron  transitions  from  the  upper  to  the  lower  subband  which  produce 
photons  rather  than  non-radiative  loss.  The  higher  the  number  of  photons  produced  the  more  readily  threshold  and 
lasing  will  be  achieved. 

In  this  work  the  potential  operating  performance  of  Terahertz  quantum  cascade  lasers  are  compared  with  con¬ 
temporary  shorter  wavelength  mid-infrared  devices  from  the  viewpoint  of  the  carrier  dynamics  within  the  active 
region. 
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Figure  1.  Ground  and  first  excited  state  wave  functions  of  a  360  A  wide  GaAs  quantum  well  surrounded  by  infinitely 
high  barriers 


2.  THEORY 


The  mathematical  expressions  for  the  three  most  important  scattering  rates  for  electrons  in  quantum  well  subband 
systems  are  complicated;  for  example  the  electron-LO  phonon  scattering  rate  for  an  initial  state  wave  vector  fe,  is  of 
the  form 

1^  ^  TT  /■+~  7r|Giy(jr,)p 

n  2 


dK, 


(2) 
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where  Gif  (Kg)  is  a  form  factor  involving  the  phonon  wave  vector  Kz-  The  electron-electron  scattering  rate  is  of  the 
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where  Aijfg{qxy)  is  a  form  factor  involving  all  4  electron  states  involved  in  any  one  scattering  event  and  Qxy  represents 
the  change  in  the  relative  wave  vectors.  And  finally  the  spontaneous  radiative  emission  rate  is 


Ti 


4em*c^W, 


Oif 


(4) 


where  Oif  is  the  oscillator  strength.  For  more  details  on  these  expressions  and  information  on  how  to  implement 
them  computationally  see  Harrison. 

Given  their  complexity  it  is  difficult  to  derive  any  simple  empirical  understanding  of  the  comparative  behaviour 
of  Terahertz  intersubband  transitions  with  the  higher  energy  ones  in  the  mid-infrared — a  computational  study  is 
required.  Whilst  it  is  possible  to  gain  valuable  information  with  a  careful  analysis  of  the  resulting  scattering  rates, 
it  is  more  transparent  to  quantify  a  complete  device  design  in  terms  of  a  single  number — and  a  convenient  one  is  the 
internal  quantum  efficiency,  as  defined  above  in  equation  1  (the  denominator  is  taken  as  the  sum  of  all  the  above 
rates). 


3.  EFFECT  OF  REDUCED  SUBBAND  SEPARATION 

The  infinitely  deep  quantum  well  is  a  good  example  system  in  which  to  study  the  effect  of  altering  the  energy 
separation  AF21  between  two  subbands,  as  this  can  easily  be  achieved  by  changing  the  well  width,  and  it  has  the 
additional  benefit  of  not  altering  the  overlap  of  the  wave  functions.  Fig.  1  gives  an  example  of  the  wave  functions  of 
the  lowest  two  eigenstates. 
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Figure  2.  The  effect  of  intersubband  separation  on  the  internal  quantum  efficiency  t] 

Using  the  methods  outlined  above,  the  internal  quantum  efficiency  was  evaluated  for  the  transition  of  electrons 
from  the  first  excited  state  to  the  ground  state,  for  equal  populations  in  each  subband  of  10^°  cm'^.  Fig.  2  displays 
the  results  for  a  variety  of  temperatures. 

Moving  from  the  higher  subband  energy  separations  typical  of  the  mid-infrared  {AE21  ~  100  meV)  to  lower,  the 
quantum  efficiency  decreases  slightly  as  a  function  of  temperature  as  well  as  showing  a  more  dramatic  decrease  with 
energy  separation.  However  when  the  LO  phonon  energy  of  36  meV  (in  this  example  material  of  GaAs)  is  reached 
the  curves  show  dramatic  behaviour.  At  4  K  when  the  subband  separation  moves  below  the  LO  phonon  energy, 
and  the  non-radiative  competing  mechanism  of  LO  phonon  emission  is  suppressed  completely.  Hence  the  internal 
quantum  efficiency  increases  almost  discontinuously  and  dramatically  to  levels  even  greater  than  in  the  mid-infrared. 
This  is  indicative  of  great  potential  for  low  temperature  Terahertz  lasers. 

As  the  temperature  increases  the  increase  in  the  quantum  efficiency  as  the  subband  separation  is  reduced  below  the 
LO  phonon  energy  is  still  substantial  but  less  impressive.  This  is  due  to  LO  phonon  emission  from  the  upper  subband 
only  being  partially  suppressed  because  of  thermal  broadening  of  the  subband  electron  distributions.  However  even 
at  77  K  the  quantum  efficiencies  calculated  are  of  similar  magnitude  to  those  in  the  mid-infrared  and  again  indicate 
that  from  the  viewpoint  of  the  carrier  dynamics  lasing  action  at  Terahertz  frequencies  should  be  as  readily  achieved 
as  in  the  mid-infrared. 

Similar  results  are  expected  for  equivalent  III-V  polar  materials  which  have  comparative  phonon  structure. 

4.  OPTIMUM  DEVICE  GEOMETRIES 

The  early  quantum  cascade  laser  designs  of  Bell  Labs.,  for  example^’^  had  a  ‘diagonal’  interwell  radiative  transi¬ 
tion,  see  Fig.  3  (left).  In  this  configuration  the  electrons  in  the  upper  laser  subband  were  localised  in  one  well,  and 
underwent  radiative  transitions  to  a  lower  subband  in  an  adjacent  well.  Whilst  it  offers  the  possibility  of  a  small 
amount  of  tunability  in  the  emission  frequency,  it  was  supposed  that  the  oscillator  strength  of  this  interwell  transition 
and  hence  the  internal  quantum  efficiency  was  small.  In  addition  it  was  expected  that  as  the  radiative  transition 
samples  the  barrier  it  would  suffer  from  inhomogeneous  broadening,  due  to  interface  disorder  and  alloy  fiuctuations 
within  the  barrier.  Later  designs  therefore  tried  the  ‘vertical’  intrawell  radiative  transition,  see  for  example,^’^^  as 
depicted  in  Fig.  3  (right). 

Prom  the  theoretical  expressions  in  Section  2  it  is  not  at  all  obvious  which  of  the  two  basic  device  geometries, 
whether  vertical  or  diagonal  is  preferable.  This  view  is  evidenced  in  the  literature  with  successful  devices  being 
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Figure  3.  The  two  basic  design  geometries,  diagonal  radiative  transitions  (left)  and  vertical  radiative  transitions 
(right) 


Figure  4.  The  lowest  two  eigenstates  of  a  double  quantum  well  structure  with  applied  electric  field 


L(k) 

Figure  5.  The  electron-LO  phonon  emission  rate  from  subband  2  to  1  as  a  function  of  the  barrier  width  L 


Figure  6.  The  electron-electron  scattering  rates  from  subband  2  to  1  as  a  function  of  the  barrier  width  L 

demonstrated  with  both  vertical^^  and  diagonal^^  radiative  transitions.  Both  reports  of  far-infrared  emission  from 
quantum  cascade  devices  were  in  the  diagonal  interwell  configuration.^'*'® 

Fig.  4  illustrates  the  ‘test’  system— the  width  L  of  the  central  barrier  of  the  double  quantum  well  was  varied  in 
order  to  alter  the  geometry  from  vertical  L  =  0  to  increcisingly  more  diagonal  transitions.  At  each  value  of  L  the 
quantum  well  width  was  adjusted  in  order  to  keep  the  subband  separation  fixed  at  20  meV,  this  corresponds  to  a 
wavelength  of  62  fira  and  a  frequency  of  4.8  THz  which  is  taken  as  representative  of  the  Terahertz  band. 

In  order  to  evaluate  the  expression  in  equation  1  the  electron-LO  phonon,  electron-electron  scattering  rates, 
together  with  the  spontaneous  radiative  emission  rates  were  calculated,  as  described  in  Section  2.  Figs.  5,  6  and  7 
display  the  results  of  these  calculations,  at  300  K,  as  a  function  of  the  central  barrier  width  L,  and  for  the  electron 
populations  of  10*°  cm“2  in  each  subband.  It  can  be  seen  that  the  electron-LO  phonon,  the  symmetric  22-11 
electron-electron  and  the  electron-photon  scattering  rate  all  decrease  as  the  barrier  width  increases.  As  the  quantum 
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Figure  7.  The  spontaneous  radiative  emission  rate  from  subband  2  to  1  as  a  function  of  the  barrier  width  L 


Figure  8.  The  internal  quantum  efficiency  at  300  K  as  a  function  of  the  barrier  width  L 

well  width  is  adjusted  to  keep  the  subband  separation  constant  then  this  effect  is  due  entirely  to  the  reduced  overlap 
in  the  initial  and  final  state  wave  functions. 

The  electron-electron  scattering  rate  is  the  only  one  which  shows  any  interesting  behaviour.  For  a  central  barrier 
width  L  of  zero,  the  system  is  actually  a  single  quantum  well,  and  with  only  a  weak  electric  field  (4  kVcm  is  almost 
symmetric.  Hence  only  the  symmetric  22-11  electron-electron  scattering  rate  is  significant.  As  the  barrier  width 
increases  though  the  system  becomes  more  asymmetric  and  the  other  intersubband  electron-electron  transitions,  the 
22-21  and  the  21-11,  increase. 

The  combination  of  these  different  effects  is  summarised  in  Fig.  8 — the  internal  quantum  efficiency  ??  as  a  function 
of  the  central  barrier  width  L  at  300  K.  It  can  be  seen  that,  over  this  L  domain,  the  quantum  efficiency  is  highest  for 
a  vertical  intra-well  transition.  The  calculations  do  indicate  that  comparative  quantum  efficiencies  may  be  obtained 
at  i  ~  60A,  however  additional  non-radiative  mechanisms  due  to  alloy  fluctuations  in  the  barrier  will  become  more 
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important  at  these  large  barrier  widths  and  reduce  the  quantum  efficiency. 

Similar  data  is  obtained  at  4K  and  allows  the  conclusion  to  be  drawn  that  vertical  intrawell  transitions  have  a 
higher  quantum  efficiency,  at  Terahertz  energy  subband  separations,  than  diagonal  interwell  transitions. 

5.  IN  SUMMARY 

It  has  been  shown  that  the  internal  quantum  efficiency  for  radiative  transitions  between  two  subbands  in  GaAs  at 
Terahertz  frequencies  is  greater  at  low  temperatures  than  that  at  mid-infrared  wavelengths.  It  is  comparable  at  77  K 
and  less  at  room  temperature.  Furthermore  the  internal  quantum  efficiency  is  higher  for  vertical  intrawell  transitions 
than  diagonal  interwell  transitions  at  Terahertz  frequencies. 
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ABSTRACT 


Quantum  cascade  lasers  are  coherent  light  sources  in  the  mid-infrared  spectral  region.  They  are  based  on  resonant  tunneling 
and  optical  transitions  between  discrete  energy  levels  in  the  conduction  band  arising  from  size  quantization  in  semiconductor 
heterostructures.  QCLs  have  been  demonstrated  on  GalnAs/AlInAs/InP  and  GaAs/AlGaAs  outperforming  existing 
semiconductor  laser  technologies  in  the  mid-infrared  spectral  range  (3.5  - 17  pm).  The  present  paper  reports  the  realization  of 
a  QCL  based  on  GaAs/AlGaAs  material  designed  with  an  emission  wavelength  of  9.3  pm.  Specific  properties  inherent  to  this 
material  system  and  their  influence  on  laser  operation  are  discussed  in  detail.  The  paper  concludes  with  the  presentation  of  a 
new  waveguide  concept,  which  offers  considerable  performance  improvements. 

Key  words:  semiconductor  lasers,  quantum  wells,  bandgap  engineering 


1.  INTRODUCTION 

Quantum  cascade  (QC)  lasers  are  unipolar  semiconductor  lasers  based  on  intersubband  transitions  ’.  The  laser  principle 
makes  use  of  radiative  transitions  between  discrete  electronic  states  of  the  conduction  band  which  arise  from  quantum 
confinement  in  semiconductor  heterostructures  grown  by  molecular  beam  epitaxy  (MBE).  The  precise  control  of  quantum 
well  width  and  the  tunneling  barrier  thickness  allows  the  quantum  engineering  of  electronic  energy  levels  and  level  separation. 
Furthermore  dipole  matrix  elements,  lifetimes  and  scattering  times  between  the  levels  can  be  tailored  in  order  to  obtain 
population  inversion.  Therefore  the  scheme  differs  in  a  fundamental  way  from  semiconductor  diode  lasers,  including 
quantum  well  lasers.  In  the  latter  conduction  electrons  and  valence  band  holes  are  injected  into  the  active  region  of  a  forward 
biased  pn  junction  where  they  radiatively  recombine  across  the  band  gap.  In  contrast  to  QC  lasers,  the  band  gap  essentially 
determines  the  emission  wavelength. 

Since  their  first  demonstration  in  1994  QC  lasers  have  shown  tremendous  performance  improvements  and  have  emerged  as 
powerful  coherent  light  soiurces  for  the  mid-infrared  region  The  interest  for  semiconductor  lasers  operating  in  this  spectral 
region,  especially  in  the  second  atmospheric  window,  comes  from  various  applications  such  as  environmental  sensing, 
combustion  process  control  or  industrial  process  control.  Up  to  now  the  only  commercially  available  semiconductor  lasers 
emitting  in  this  spectral  range  are  lead-salt  lasers  However,  their  pulsed  and  continuous-wave  (CW)  operation 
characteristics  are  clearly  surpassed  by  QC  lasers  designed  with  comparable  emission  wavelength.  Other  alternative  mid- 
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infrared  sources  have  also  been  developed,  such  as  III-V  compounds  containing  Sb  or  type-II  QCLs  .  In  this  case  photon 
emission  occurs  between  an  electron  state  and  a  hole  state  in  a  staircase  of  Sb-based  quantum  well  structures.  But  all  these 
competing  concepts  have  not  reached  so  far  the  performance  of  QCLs  with  respect  to  high  temperature  operation  and  range  of 
accessible  wavelengths. 

The  material  system  in  which  the  QCL  has  been  demonstrated  and  developed  is  the  ternary  alloy  InGaAs/InAlAs  grown 
lattice  matched  to  InP  substrates.  Compared  to  other  semiconductor  compounds  this  material  system  offers  mainly  two 
advantages:  firstly  the  high  conduction  band  discontinuity  (520  meV)  and  secondly  the  low  refractive  index  substrate  which 
can  be  used  as  lower  cladding  and  which,  hence,  facilitates  waveguide  design  and  sample  growth.  Up  to  now 
InGaAs/AlInAs/InP  based  QC  lasers  have  been  realized  which  cover  the  spectral  range  between  3.5  and  17  pm  with  a 
considerable  performance  In  pulsed  mode  and  at  cryogenic  temperatures  state  of  the  art  QCLs  exhibit  optical  output  powers 
of  several  hundred  milliwatts,  giving  'wall  plug'  efficiencies  of  nearly  10  %  for  the  best  devices  reported  Room  temperature 
operation  with  peak  optical  power  of  more  than  ten  milliwatts  has  been  demonstrated  in  devices  with  emission  wavelengths  up 
to  11.5  pm  Recent  activities  have  tried  to  increase  the  maximum  operating  temperature  for  continuous  wave  (CW) 
operation  by  implementing  e.g.  binary  InP  top  claddings,  which  optimize  heat  dissipation  Furthermore  the  quantum 
cascade  concept  has  been  successfully  combined  with  more  refined  cavity  concepts  such  as  destributed  feedback  (DFB) 
stmctures  "  or  microcavity  disk  lasers  to  achieve  monomode  operation  and  low  threshold  current  respectively.  Only 
recently  spontanous  far-infrared  electroluminescence  at  A=88  pm  in  a  QC  diode  stmctures  has  been  observed  *  confirming 
the  wide  range  of  accessible  emission  wavelengths  of  this  innovative  emitter  concept. 


2.  GAAS/ALGAAS  QUANTUM  CASCADE  LASERS 


GaAs/AI  3303.67 As 


F  =  48  kV/cm 


Fig.  1  Calculated  conduction  band  stracture  of  an  active  region  enclosed  between  digitally  graded  injector  regions.  The 
relevant  squared  wave  functions  are  shown.  The  wavy  line  indicates  the  transition  (3-2)  responsible  for  laser  action.  The 
thicknesses  of  the  layers  are  indicated  in  nm.  The  underlined  layers  are  silicon  doped  with  a  nominal  concentration  of  nsi= 
4xlO'W\ 


Only  recently  we  have  demonstrated  laser  action  in  a  QC  stracture  made  of  GaAs/AlGaAs  material  designed  with  emission 
wavelength  at  9.3  pm,  confirming  that  the  cascading  scheme  is  independent  of  a  specific  heterostracture  Furthermore  the 
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use  of  this  material  system  gives  access  to  sophisticated  device  processing  techmques.  Fig.  1  shows  a  portion  of  the  30  period 
(active  region  plus  digitally  graded  injector)  active  section  of  the  GaAs/AlGaAs  QCL.  The  active  region  of  our  laser  structure 
is  designed  according  to  the  anticrossed  diagonal  scheme  with  three  GaAs  quantum  wells  strongly  coupled  by  thin  AlxGai.xAs 
barriers  {x  =  0.33).  A  detailled  comparison  between  diagonal  and  vertical  laser  schemes  based  on  InGaAs/InAlAs/InP 
material  has  shown  that  ‘diagonal'  QC  lasers  with  comparable  emission  wavelength  to  our  AlGaAs/GaAs  QCL  exhibit  very 
low  threshold  current  densities  The  aluminiiun  content  throughout  the  active  region  is  x  =  0.33,  which  corresponds  to  a 
Tpoint  discontinuity  of  about  AE^  =  295  meV.  By  this  choice  we  can  assume  that  lateral  conduction  band  valleys  in 
GaAs/AlGaAs  have  no  major  influence  on  device  performance.  Parasitic  electron  transfer  to  the  lateral  valleys  would 
certainly  deteriorate  the  material  gain  and  would  make  it  more  difficult  to  achieve  population  inversion.  The  transition  energy 
under  the  biasing  conditions  shown  in  Fig.  1  is  AE32  =  132  meV  (A  =  9.4  pm).  Under  an  external  electric  field  of  about  F  =  48 
kV/cm  the  ground  state  of  the  graded  injector  alignes  with  the  upper  laser  level  n=3.  At  this  point  of  operation  electrons  are 
resonantly  injected  through  a  5.8  nm  thick  tunnel  barrier  into  the  upper  laser  level.  Population  inversion  is  achieved  by  the 
control  of  nomadiative  relaxation  channels  (electron-optical-phonon  scattering).  A  calculation  for  the  present  structure  gives 
for  the  upper  («=3)  and  lower  laser  level  (n=2)  nonradiative  lifetimes  rj=1.5  ps  and  Tf=03  ps,  respectively. 


Fig.  2  Calculated  optical  intensity  distribution  of  the  fundamental  TM  mode  of  the  waveguide  structure  (upper  curve)  and 
profile  of  the  refractive  index  (lower  curve).  Only  4  %  of  the  mode  penetrate  in  the  lossy  Alo.9Gao.1As  cladding  layers. 

The  design  of  an  appropriate  waveguide  demands  extensive  modifications  compared  to  InGaAs/InAlAs  QCLs  grown  on  InP 
substrates.  GaAs  substrates  have  the  largest  index  of  refraction  in  the  AlGaAs/GaAs  heterostructure  and,  thus,  cannot  be  used 
as  lower  waveguide  cladding  layer.  A  standard  dielectric  waveguide  concept  with  micrometer  thick  Al^Gai.xAs  cladding 
layers  (x>0.75)  on  both  sides  of  the  active  region  would  be  difficult  to  implement  for  fire  following  reasons:  Firstly  the 
waveguide  design  for  a  quantum  cascade  laser  operating  in  the  mid-infrared  spectral  region  demands  low  doping 
concentration  in  order  to  keep  waveguide  losses  due  to  free  carrier  absorption  low.  It  is  this  mechanism  which  has  the  main 
influence  on  the  threshold  current  density  of  GaAs/AlGaAs  devices.  The  following  equation  displays  the  threshold  condition 
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where  J,h  is  the  threshold  current  density,  atv  and  is  waveguide  and  mirror  losses,  respectively,  R  the  facet  reflectivity  (R  = 
0.26  for  GaAs),  g  the  gain  coefficient,  /"the  overlap  factor  between  the  mode  and  the  active  region  and  L  the  device  length. 
The  free  carrier  absorption  becomes  even  more  pronounced  when  the  QCL  is  designed  for  emission  at  longer  wavelengths, 
since  in  this  spectral  region  the  absorption  strength  increases  with  a  dependency.  A  second  main  drawback  arises  from  the 
freeze-out  of  electrons  at  deep  donor  atoms  in  the  AljOai.^As  cladding  layers  for  typical  operating  temperatures.  This  freeze- 
out  deteriorates  the  transport  properties  of  the  claddings.  The  donor  ionization  energy  for  a  Si  doped  Alo.9Gao.1As  alloy  layer 
is  Eio„-  65  meV.  Therefore  only  a  small  fraction  of  electrons  is  released  at  cryogenic  temperatures.  Furthermore  the  mobility 
of  an  AlxGai.xAs  alloy  layer  is  only  few  hundred  cm^A^s  at  low  temperatures,  whereas  it  reaches  some  thousand  cm  A^s  in 
bulk  GaAs.  A  higher  doping  level  would  improve  the  conductivity  and  reduce  the  series  resistance  introduced  by  the  cladding 
layers.  However  this  would  also  increase  the  waveguide  losses  and  hence  the  threshold  current. 

According  to  these  considerations  we  have,  in  a  first  approach,  designed  a  waveguide  structure  which  is  based  on  thin  AI0.9 
Gao  1  As  claddings  and  double  sided  plasmon-enhanced  confinement.  Fig.  2  shows  the  calculated  mode  profile  and  refractive 
index  of  our  waveguide  structure.  On  the  bottom  of  the  waveguide,  a  heavily  doped  substrate  (m5,=3x10'*  cm^)  pushes  the 
mode  towards  the  active  region.  This  is  counterbalanced  by  a  heavily  doped  0.7  pm  thick  GaAs  n^  layer  («&•  =9x10  cm  ) 
underneath  the  top  contact.  The  core  comprises  the  active  region  enclosed  between  two  low  doped  pm-thick  GaAs  layers  (715, 
=  4xl0‘^  cm'^).  The  AI0.9  Gao.i  As  claddings  (ns,  =  6xl0”  cm'^)  only  reside  in  the  wings  of  the  mode.  Therefore  only  4%  of 
the  waveguide  mode  overlap  with  the  poorly  conductive  and  lossy  claddings.  The  reduced  thickness  makes  sure  that  the  series 
resistance  of  the  alloy  layers,  especially  at  low  temperature,  is  low.  For  a  detailled  description  of  the  waveguide  concept  the 
reader  is  referred  to  ref  14. 


3.  OPERATION  CHARACTERISTICS 


Fig.  3  Scanning  electron  micrograph  of  a  cleaved  facet  of  a  ridge  waveguide  laser  obtained  after  wet  chemical  etching. 

The  samples  were  processed  into  mesa  etched  ridge  waveguides  by  optical  contact  lithography  and  deep  wet  chemical 
etching.  Fig.  3  shows  an  SEM  picture  of  the  lateral  profile  obtained  with  a  HCl :  H2O2  =  80  :  4  etch  solution.  Typical  etching 
rates  of  this  etchant  are  in  the  range  of  600  rnn/min.  After  thinning  down  the  substrate  to  100  pm,  a  standard  AuGe/Ni/Au 
contact  is  evaporated  on  the  backside  and  alloyed  at  400°C  for  one  minute.  For  the  insulation  of  the  ridges  a  300-nm-thick 
Si3N4  layer  is  deposited  by  a  sputtering  technique.  Windows  in  the  nitride  are  patterned  on  top  of  the  ridges  by  reactive  ion 
etching  using  a  SFg  plasma.  For  the  top  metallization  30  nm  of  titanium  followed  by  300  nm  of  gold  are  deposited  on  the  top 
surface  in  an  electron  beam  evaporation  system.  The  top  contact  is  not  annealed  in  order  to  avoid  any  enhancement  of 
waveguide  losses.  The  lasers  are  then  cleaved  in  bars  of  1-3  mm  length  and  the  laser  facets  are  left  uncoated.  Finally  samples 
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are  indium  soldered  epilayer  up  to  Cu  holders,  wire  bonded  and  mounted  on  the  temperature  controlled  coldfinger  of  a  helium 
cryostate.  After  cooling  down  to  cryogenic  temperatures  in  the  dark  we  have  measured  current-voltage  (I-V)  and  light-current 
(L-I)  curves  of  a  laser  1  mm  long  and  20  pm  wide.  In  the  measurement  the  device  was  driven  with  100  ns  long  current  pulses 
(0.1  %o  duty  cycle).  The  optical  power  versus  drive  current  was  obtained  using  a  flO.S  optical  system  and  a  room  temperature 
calibrated  HgCdTe  detector.  The  lasers  exhibit  a  strong  dependence  on  external  white  light  illumination.  Fig.  4  shows  the 
device  characteristics  under  three  different  illumination  conditions.  The  bold  line  refers  to  a  measurement  without 
illumination.  The  onset  of  the  injection  regime,  which  gives  rise  to  the  knee  in  the  I-V  characteristics,  occurs  at  about  F’=8V . 
From  the  calculated  bandstructure  in  Fig.  Iwe  derive  a  voltage  drop  of  .4^=230  meV  across  one  period.  By  multipl5dng  the 
latter  with  the  total  number  of  periods  N=30  one  obtains  an  expected  total  voltage  drop  of  7  V,  which  is  about  1  V  below  the 
measured  value.  We  attribute  this  difference  to  the  residual  series  resistance  introduced  by  the  cladding  and  contact  layers. 
Threshold  is  reached  at  /m=1.3  A.  This  corresponds  to  a  current  density  ofy,/,=6.5  kA/cm^. 
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Fig.  4  Voltage  versus  current  (TV)  and  Light  versus  current  (L-I)  characteristic  for  a  1  mm  x  20  pm  device  operating  at  4  K 
in  pulsed  mode  as  a  function  of  white  light  illummation.  (bold  line:  no  illumination  before  data  acquisition,  single  lines:  after 
subsequent  illumination) 

Illumination  of  the  device  with  an  external  white  light  source  before  the  measurements  results  in  a  strong  persistent  change  of 
the  L-I  and  I-V  characteristics.  The  results  obtained  after  subsequent  illumination  steps  are  plotted  as  single  lines  in  Fig.  4.  As 
a  function  of  the  exposure  time  the  operation  voltage  for  fixed  current  decreases.  At  the  same  time  the  threshold  current 
moves  from  its  'dark'  value  /,/,=!. 3  A  to  higher  values.  With  sufficient  illumination  we  obtain  a  saturated  threshold  current  of 
8  A  {J,h-9X)  kA/cm^)  with  a  voltage  of  operation  shifted  1.3V  below  its  dark  value.  We  attribute  this  behaviour  to  the 
release  of  electrons  trapped  at  deep  donor  levels  {DX  centers)  in  the  Alo.9Gao.1As  cladding.  For  x>0.22  the  DX  centre  is  the 
lowest  energy  level  of  the  silicon  donor  atom  *®.  The  increase  in  carrier  density  after  illumination  improves  the  conductivity  of 
the  claddings,  but  enhances  also  the  waveguide  losses  aw  due  to  a  stronger  free  carrier  absorption  in  the  claddings.  We  have 
also  performed  temperature  dependent  TV's  and  capacitance-voltage  (C-V)  measurements  on  test  samples,  composed  of 
material  identical  to  the  Alo.9Gao.1As  claddings.  The  observed  activation  behaviour  clearly  identifies  the  DX  centres  as  the 
source  for  the  observed  instability  and  excludes  the  presence  of  other  impurities.  A  more  refined  analysis  of  the  influence  of 
DX  centres  on  the  performance  of  this  laser  structure  will  be  published  elsewhere  Finally  to  exclude  illumination  effects 
coming  from  the  active  region,  which  is  also  composed  of  Al^Gai.^As  material  with  x  =  0.33,  we  measured  TV  and  L-I 
characteristics  of  LED  stmctures  with  an  active  region  identical  to  the  one  in  the  laser  structure,  but  without  AlGaAs  cladding 
layers.  The  data  show  no  dependence  on  external  white  light  illumination.  Therefore  we  can  assume  that  the  gain  mechanism 
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is  independent  of  external  illumination.  This  is  also  confirmed  by  the  laser  operation  itself.  We  have  calculated  the  product  of 
slope  efficiency  7]=dP/dI  (P:  optical  power)  and  threshold  current  density  j,h  after  subsequent  illumination  steps.  With 


V 


2  e 


(2) 


and  the  Equation  (1)  it  is  evident  that  the  product  rj  xj,,,  depends  on  the  gain  coefficient  g,  but  is  independent  of  the  total 
losses  =  aiy+aM-  For  fixed  current  (/  =  1850  mA),  which  means  fixed  injection,  we  derive  a  gain  coefficient  g  independent 
of  external  white  light  illumination.  Fig.  5  shows  the  dependence  of  the  slope  efficiency  and  the  threshold  current  density  y',*  as 
a  function  of  the  operating  voltage  for  7=  1850  mA. 


Fig.  5  Slope  efficiency  and  threshold  current  density  as  a  function  of  illumination  derived  from  the  L-I  and  I-V  characteristics 
shown  in  Fig.  4  for  an  injection  current  of  1850  mA.  We  assume  that  the  change  of  the  operation  voltage  after  each 
illumination  step  is  a  measure  for  the  number  of  released  carriers  in  the  claddings.  The  product  rj  xj,h  is  inversely  proportional 
to  the  gain  g.  Our  data  confirm  that  g  is  independent  of  illumination  within  experimental  error. 

To  determine  the  change  of  the  waveguide  losses  AUfy  due  to  the  release  of  carriers  in  the  claddings,  we  have  also  measured 
high  resolution  subthreshold  spectra  for  a  constant  injection  current  (7  =  1250  mA)  as  a  function  of  illumination  using  a 
Hakki-Paoli  technique  Illumination  results  in  a  striking  damping  of  the  Fabry-Perot  fringes  of  the  laser  cavity.  As  is  shown 
in  ref  19  the  modulation  depth  of  the  fringes  is  proportional  to  the  Rexp(Gm-aw)L,  where  is  the  modal  Gain  Gm-g  Fj 
(with  R  as  the  facet  reflectivity  and  j  the  current  density).  From  our  data  we  derive  a  change  A(Gm-aw)  upon  illumination, 
which  is  identical  to  the  change  ^a^^of  waveguide  losses  since  the  optical  gain  g  does  not  change  as  shown  in  the  preceding 
section.  The  change  in  waveguide  losses  between  dark  and  saturated  illumination  is  Aa^  =  12  cm''.  Finally  we  can  estimate 
the  total  waveguide  losses  ar~  ■  From  equation  (1)  and  (2)  we  calculate  the  change  of  A/,*  and  A(r}  ')  introduced  by 

a  change  of  waveguide  losses  Aaw-  Ratioing  with  J,h  and  rf\  respectively,  gives  the  following  identity 

^ih  _ 

^  «r  rf' 

For  fixed  injection  current  (7=  1850  mA)  we  derive  A(Tf’)/rf’  =  0.3  (see  Fig.  4).  A  comparison  of  the  equivalent  ratio  for  the 
threshold  current  density  gives  the  same  value.  With  Aaiy-  12  cm''  and  mirror  losses  0^=  13  cm''  for  a  1  mm  long  device  we 
obtain  27  cm''. 
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In  order  to  improve  laser  performance  and  to  avoid  device  instabilities  due  to  the  presence  of  DX  centres  in  AlGaAs 
claddings  we  have  designed  and  tested  an  alternative  waveguide  structure.  The  design  is  based  on  plasmon  enhanced 
confinement  only.  High  A1  content  AlGaAs  cladding  layers  are  suppressed.  Two  1  pmn'"'^  GaAs  layers  (%,  =  6xl0'  cm' )  act 
now  as  cladding  layers  and  provide  the  optical  confinement.  To  avoid  an  increase  of  waveguide  losses  due  to  strong  free 
carrier  absorption,  3.5  pm  thick  low-doped  GaAs  spacer  layers  have  been  grown  on  both  sides  of  the  active  region.  Therefore 
only  the  wings  of  the  mode  overlap  with  the  lossy  GaAs  cladding  layers.  The  design  of  the  active  region  is  identical  to  the  one 
shown  m  Fig.  1.  As  a  consequence  of  the  increase  of  waveguide  dimensions  the  overlap  factor  /'between  optical  mode  and 
active  region  is  reduced.  In  the  present  design  this  has  been  counterbalanced  by  increasing  the  number  of  periods  to  Af=36. 
Simulations  show  that  the  symmetric  design  of  the  waveguide  stmcture  makes  the  mode  profile  less  sensitive  to  slight 
deviations  of  doping  concentrations  during  MBE  growth  compared  to  their  nominal  values.  Fig.  6  shows  the  L-I  and  I-V 
characteristic  of  a  laser  device  2.5  mm  long  and  28  pm  wide.  Processing,  mounting  and  operating  conditions  are  identical  to 
the  ones  previously  described.  At  T=77  K  threshold  is  reached  at  /,*  =  3.2  A  corresponding  to  =  4.6  kA/cm  .  Maximum 
optical  output  powers  up  to  P  =  500  mW  have  been  obtained.  Laser  operation  in  pulsed  mode  has  been  achieved  up  to  T  = 
190  K.  Under  external  white  light  illumination  no  changes  of  device  operation  have  been  observed.  Preliminary  measurements 
of  the  waveguide  losses  give  an  aw  in  the  order  of  20  cm''.  Therefore  in  comparison  to  waveguide  designs  using  ternary  alloy 
claddings  the  present  design  based  on  low  doped  binary  GaAs  could  help  to  fiirther  reduce  waveguide  losses  and  to  improve 
long  wavelength  operation  of  QCLs  . 
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Fig.  6  Applied  bias  and  measured  optical  peak  output  power  from  a  single  facet  as  a  function  of  injected  current  for  a  laser 
27  pm  wide  and  2.5  mm  long.  The  device  was  driven  in  pulsed  mode  with  100  ns  current  pulses  and  1  kHz  repetition  rate. 


4.  CONCLUSIONS 

We  have  reported  the  performance  characteristics  of  a  GaAs/AlGaAs  quantum  cascade  laser  operating  at  9.3  pm.  For  a 
waveguide  design  based  on  high  A1  content  AlGaAs  claddings  a  strong  dependence  of  laser  performance  on  external  white 
light  illumination  has  been  observed.  This  effect  is  related  to  an  increase  of  waveguide  losses  due  to  the  ionization  of 
electrons  trapped  in  DX  centres  in  the  Si  doped  AlGaAs  cladding  layers.  To  avoid  the  illuminaton  effect  we  have  developed  a 
new  waveguide  design  entirely  based  on  plasmon  confinement  in  an  aluminium  free  waveguide  structure. 
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ABSTRACT 

We  report  on  the  design,  growth  and  characterization  of  electrically  pumped  quantum  cascade  lasers  (QCL)  and 
LED’s,  based  on  the  GaAs/ AlGaAs  material  system.  Intersubband  and  interminiband  optical  transitions  within  the 
conduction  band  of  a  heterostructure  are  used  to  achieve  spontaneous  emission  and  lasing  action.  Samples  are  grown  using 
solid  source  molecular  beam  epitaxy  (MBE).  Transport  measurements,  infrared  photocurrent  spectral  response,  transmission 
and  emission  measurements  are  performed.  Laser  wavelengths  above  ten  microns  are  achieved.  Peak  powers  are  in  the  200 
mW  range.  Laser  operation  up  to  lOOK  and  threshold  current  densities  below  15  kA/cm^  are  recorded.  Ridge  lasers  exhibit 
multimode  spectra,  typical  for  Fabry-Perot  resonators.  Room  temperature  spontaneous  emission  is  recorded,  showing  the 
feasibility  of  a  room  temperature  operating  QCL  on  the  GaAs/ AlGaAs  material  system. 

Keywords:  MID-infrared  lasers,  GaAs/AlGaAs,  quantum  cascade  lasers,  intersubband  emitter,  interimniband  emitter 

INTRODUCTION 

The  most  recent  development  of  the  infrared  technology  is  causing  a  great  demand  for  contact,  coherent  mid- 
infrared  light  sources.  Large  numbers  of  potential  applications  in  enviroiunental  monitoring,  chemical  analysis,  process 
control  and  medicine  are  opened.  Semiconductor  technology  offers  small-scale  compact,  low  bias  lasers  with  special  features, 
like  CW-operation,  tunability,  electrical  and  optical  modulation,  q-switching  or  single  mode  operation.  Common  laser  diodes, 
based  on  the  radiative  recombination  across  the  bandgap  of  a  direct  semiconductor  are  covering  spectral  range  from  the 
ultraviolet  to  the  near  infrared.  Lead  salt  lasers  are  reaching  the  mid-infrared  band.  These  are  the  only  semiconductor  MID- 
infrared  coherent  sources  available  on  the  market.  Quantum  cascade  lasers,  based  on  intraband  transitions  are  promising 
better  performance  (room  temperature  operation,  longer  wavelengths,  simultaneous  emission  at  different  frequencies).  Since 
the  radiative  transition  is  located  in  the  conduction  band  (or  valence  band  respectively)  there  is  no  requirement  for  a  direct 
semiconductor.  This  opens  a  completely  new  field  for  application  of  the  indirect  semiconductors  (namely  silicon  or  silicon- 
germanium)  in  optoelectronics  [1]. 

A  possibility  to  achieve  the  population  inversion  in  a  system  of  quantum  wells  within  the  conduction  band  was 
theoretically  predicted  in  1971  [2].  Since  1994,  when  the  first  quantum  cascade  laser  was  demonstrated  by  Faist  et  al.  [3]  it 
became  a  viable  coherent  source  in  the  mid-infrared  spectral  range.  In  1996  above  room  temperature  operation  and  peak 
powers  of  100  mW  [4],  as  well  as  CW  operation  above  1 10  K  was  reported  [5].  In  1997  a  QCL  with  distributed  feedback  [6] 
was  introduced  and  tunability  of  a  QCL  was  demonstrated  [7].  A  significant  improvement  in  the  performance  of  these  mid 
infrared  devices  was  the  first  superlattice  laser  based  on  interminiband  optical  transitions  [8].  Lasing  operation  at  room 
temperature  in  a  remote  doped  superlattice  laser  was  recorded  [9].  Microdisk  lasers  with  deformed  quadmpole  cross  section 
have  been  reported  recently  [10].  All  these  results  have  been  achieved  using  InGaAs/InAlAs  lattice  matched  to  InP. 

The  GaAs/AlGaAs  material  system  offers  very  good  lattice  match  over  the  whole  range  of  Al  concentrations  in 
AlGaAs  ternaries  and  a  low  amount  of  dislocations  and  defects  in  the  substrates.  Electrically  pumped  GaAs/AlGaAs 
intersubband  emission  was  first  demonstrated  by  our  group  [11]  and  Li  et  al.  [12]  at  cryogenic  temperatures  and  later  on  up  to 
room  temperature  [13].  A  lot  of  effort  was  put  into  the  development  of  a  quantum  cascade  laser  based  on  GaAs/AlGaAs. 
Intersubband  photoluminescence,  stimulated  emission  and  finally  lasing  in  the  long  wavelength  range  was  achieved  by 
optical  pumping  using  a  free  electron  or  a  CO2  laser  [14].  The  first  electrically  pumped  GaAs/AlGaAs  quantum  cascade 
laser,  emitting  at  9.2  microns,  was  demonstrated  by  Sirtori  et  al.  in  1998  [15]. 
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INTERSUBBAND  EMITTERS 


Depth  (A) 

Figure  la:  Bandstructure  of  an  intersubband 

emitter  at  flatband  condition. 

The  fust  GaAs/AlGaAs  intersubband  emitters  are  using  a  three 
level  laser  scheme.  The  structure  essentially  follows  the  design 
rules  given  by  Faist  et  al.[3],  with  the  necessary  changes  due  to 
a  different  material  system.  A  triple  quantum  well  serves  as  an 
active  cell  as  seen  in  fig.  la,b.  The  transition  (3-2)  is  the 
radiative  transition,  where  lasing  should  occur.  Transition  (2-1) 
is  tailored  to  be  in  resonance  with  the  LO-phonon  energy 
(36meV)  and  serves  for  fast  extraction  of  the  electrons  from 
level  two.  This  mechanism  maintains  the  population  inversion, 
if  sufficient  injection  into  level  three  is  provided.  Single  active 
cells  are  separated  by  superlattice  injectors,  that  form  a  funnel 
shaped  miniband  under  bias.  An  active  cell  of  the  first  realized 
emitter,  designed  for  investigation  of  a  spontaneous  emission  at 
about  6.5  microns,  is  grown  according  to  the  following 
sequence:  GaAs  lOA,  AlGaAs  ISA,  GaAs  45A,  AlGaAs  20A 
and  GaAs  45 A  (fig.l).  The  aluminum  fraction  in  the  AlGaAs 
ternary  is  kept  at  x=0.45.  The  band  offset  for  this  A1 
concentration  is  largest  and  AlGaAs  still  behaves  as  a  direct 
semiconductor.  (The  crossover  of  the  T— valley  and  the  X-valley 
occurs  at  A1  fraction  x=0.45).  The  sfructure  is  selectively  doped 
in  the  injectors.  The  injectors  are  energetically  aligned  to  collect 
the  electrons  -  leaving  the  active  cell  at  level  one  and  to  inject 
into  level  three  of  the  following  active  cell  (fig.  lb).  A  cascade 
of  25  periods  of  injectors  and  active  cells,  embedded  between 
two  n+  contact  layers  is  grown.  One  electron  successfully 
passing  the  cascade  emits  25  photons. 

For  characterization,  the  samples  are  processed  into 
40*70  pm^  mesas.  AuGeNi  contacts  are  evaporated,  the  mesas 
are  soldered  to  a  cold  finger  of  a  He  cooled  cryo-flow  and  wire 


Depth  (A) 

Figure  lb:  Bandstracture  of  an 
intersubband  emitter  under  70  kV/cm  bias, 
with  corresponding  energy  spacing. 


Figure  2:  Current-voltage  characteristic 
measured  by  quasistatic  method  (solid  line)  and 
by  pulsed  method  (points).  The  arrow  marks  a 
working  point  of  the  emission  measurements. 
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Current  density  (kA/cm^ 


bonded.  The  current  voltage  characteristics  (fig.  2)  are  recorded 
using  a  standard  quasistatic  (solid  line)  or  pulsed  (points)  method 
respectively.  The  structure  is  designed  to  align  at  an  external  field 
of  ~70kV/cm.  Injectors  align  with  the  confined  states  in  the  wells, 
according  to  fig.  lb,  enabling  electron  transport.  The  onset  voltage 
of  6.4  volts,  corresponding  to  the  operational  electric  field  of  68 
kV/cm  is  in  good  agreement  with  the  calculated  operational  electric 
field.  The  pulsed  operation  at  small  duty  cycle  protects  the  sample 
from  thermal  destruction  at  higher  currents.  The  measurements  are 
performed  at  liquid  helium  temperature. 

The  absorption  spectra  are  obtained  using  a  Fourier 
transform  spectrometer  (FTS)  with  a  broadband  light  source  and  a 
LN2  cooled  MCT  detector.  The  sample,  grown  on  an  undoped 
substrate,  is  polished,  metallized  and  wedged  on  opposite  facets, 
forming  a  slab  waveguide.  A  wedging  angle  of  38°  enables 
maximal  light  coupling.  A  multiple  transition  through  the  active 
region,  enhances  the  absorption.  Due  to  refraction  on  the  tilted  facet 
a  non-zero  component  of  the  electric  field  in  the  growth  direction  is 
obtained.  The  transmission  spectrum  is  shown  in  fig.  3  (upper 
curve).  All  three  absorption  minima  are  in  agreement  with  the 
calculated  level  scheme  (see  fig.  la  and  table  1).  Small  deviations 
from  the  model  can  be  assigned  to  simplifications  in  the  modeling 
and  to  thickness  fluctuations.  Photovoltaic  response  is  measured 
using  mesa  structures.  A  broadband  light  source,  is  focused  on  the 


Transition 

wavenumbers  [cm'^J 

meas. 

calc. 

1-2 

168 

188 

1-3 

1588 

1633 

1-4 

2196 

2153 

1-5 

2660 

2730 

2-3 

1420 

1433 

Table  1  Calculated  and  measured  energetic 
spacing  at  flatband  conditions. 

sample,  the  photovoltage  response  is  amplified  and  fed  into  an  FTS 
as  a  detector  signal.  Typical  photovoltage  spectra  are  shown  in  fig.3 
(lower  curves).  The  spectra  measured  at  4.2  K  and  at  25  K  are 
showing  three  peaks,  corresponding  to  transitions  (1-3),  (1-4)  and 
(1-5).  An  additional  peak  at  1420  cm"',  corresponding  to  the 
transition  (2-3),  occurs  above  100  K.  An  activation  energy  is 
required  for  population  of  the  second  state,  therefore  it  occurs  only 
at  elevated  temperatures.  The  temperature  dependence  of  the  ratio 
between  the  (1-3)  and  (2-3)  peak  heights  yields  an  activation  energy 
of  20±4  meV  (=188  cm"'),  which  is  in  a  good  agreement  with  the 
measured  difference  between  the  positions  of  (2-3)  and  (1-3)  peaks 
in  the  spectra  (168  cm"').  Measured  and  calculated  peak  positions 
are  compared  in  tab.  1 . 

Electroluminescence  spectra  are  shown  in  fig.  4  for  both, 
10  K  and  300  K,  respectively.  The  drive  current  is  165  mA  (marked 
with  an  arrow  in  fig.  2).  The  main  emission  peak  is  centered  around 
1450  cm"'  (6.9  pm).  This  is  in  good  agreement  with  the  designed 
frequency  (1510  cm"').  An  additional  emission  peak  at  1850  cm"', 
attributed  to  (3-1)  optical  transition  can  be  observed.  Detailed 


Figure  3:  Transmission  spectram  and  spectral 
response  of  an  intersubband  emitter  in 
photovoltaic  regime.  At  elevated  tenqterature 
(2-3)  transition  can  be  observed. 


Figure  4  Electroluminescence  at  lOK  and 
300K.  Applied  electric  field  marked  in  the 
I-V  curve  (fig  2). 
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Transmission 


analysis  of  the  spectra  reveals  linewidth  as  narrow 
as  14  meV  at  10  K,  rising  to  20meV  at  room 
temperature  (300  K).  The  narrow  linewidth  is 
assigned  to  fte  outstanding  growth  uniformity, 
and  to  the  fact  that  the  active  cell  is  left  undoped. 
Optical  output  lies  in  the  10  nW  range.  The 
sample  exhibits  a  slight  red  shift  (80  cm'‘)  with 
increasing  temperature.  The  polarization  of  the 
electroluminescence  shows  electric  vector  parallel 
to  the  growth  direction  (TM  polarized),  proving 
the  selection  rules  for  the  intersubband  transitions. 
In  order  to  demonstrate  the  possibilities  of  the 
GaAs/AlGaAs  emitters,  various  samples  are 
grown  and  characterized.  Emission  frequencies 
over  a  range  from  800  cm’’  to  1600  cm’’  (12.5|im 
to  6.25  pm)  are  achieved.  The  upper  firequency 
limit  is  originating  from  the  maximal  achievable 
(and  usable)  band  offset  in  the  conduction  band  of 
a  GaAs/AlGaAs  heterostructure  (~360meV). 
Relaxation  mechanisms  competing  with  the 
radiative  transitions  (like  LO-phonon  scattering) 
are  limiting  application  of  the  above  described 
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Figure  5  Voltage  dependence  of  the  emission  peak  position  for 
a  sample  with  diagonal  tuimeling  assisted  transition. 


three  level  system  for  low  frequencies.  A 

possibility  of  the  electrical  tuning  of  the  emission  frequency  (in  the  structure  with  tunneling  assisted  diagonal  optical 
transition)  shows  the  voltage  dependence  of  the  peak  position  in  fig.  5.  Tunability  as  high  as  10  cm  /V  is  achieved  in  a 


structure  designed  for  this  purpose. 


INTERMINIBAND  CONCEPT 


An  alternative  to  the  intersubband  concept  is  an  interminiband 
emitter,  using  a  short  period  superlattice  as  an  active  cell. 
Electrons  are  injected  into  the  second  miniband  of  an  intrinsic 
superlattice  via  an  injector  and  they  relax  radiatively  to  the  lowest 
miniband.  The  main  advantage  of  this  concept,  compared  to  the 
intersubband  concept,  is  higher  oscillator  strength  of  the  radiative 
transitions  across  the  miniband. 

The  studied  emitter  is  designed  following  the  rules  given 
by  Tredicucci  et  al.  [9]  and  applying  them  to  the  GaAs/AlGaAs 
system.  The  conduction  band  are  shown  in  fig.  6.  The  structure 
consists  of  an  undoped  eight  period  GaAs  58A  /  AlGaAs  14A 
intrinsic  superlattice  as  an  active  cell.  Miniband  injector,  bridging 
the  active  cell  are  locally  close  to  the  interface  with  the  active  cell. 
Doped  regions  are  indicated  by  filled  areas  in  fig.6.  Dipoles, 
arising  from  the  doping,  act  against  the  applied  bias  and  flatten  the 
minibands  in  active  cell  under  the  external  electric  field. 

Another  way  to  flatten  minibands  in  the  active  cell  under 
bias,  is  using  aperiodic  (chirped)  superlattice  [16].  A  conduction 
band  of  this  type  of  emitter  is  shown  in  fig.  7.  This  structure  is 
designed  to  form  a  flat  miniband  under  the  applied  electric  field. 
The  active  cell  consists  of  six  quantum  wells:  GaAs  65A,  AlGaAs 
1 1  A,  61A,  12A,  57 a,  12A,  51A,  13A,  45A,  14A,  43A,  24A.  It  is 
designed  to  operate  at  23  kV/cm.  Active  cells  are  bridged  by 
funnel  injectors.,  that  are  designed  to  inject  only  into  the  bottom 
of  the  second  miniband  of  the  active  cell.  This  prevents  transitions 
from  higher  states.  The  whole  sample  consists  of  30  periods  of 
alternating  active  cells  and  injectors. 


Figure  6  Conduction  band  of  an  interminiband 
emitter  with  remote  doping. 
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Samples  are  wet  chemical  etched  into  100  x  70 
pm^  mesas,  TiAu  contacts  are  sputtered  chips  are 
soldered  to  a  heat  sink  and  bonded. 
Characterization  methods  and  the  setup,  used  to 
investigate  interminiband  emitters,  are 
comparable  to  those,  used  for  characterization  of 
the  intersubband  emitters.  Samples  are  pulsed 
with  5  ps  long  pulses  at  31  kHz  repetition  rate  and 
currents  up  to  500  mA  (~7kA/cm^). 
Measurements  are  performed  at  liquid  helium 
temperatures  up  to  room  temperature.  Total 
emitted  powers  are  in  the  10  nW  range  and  the 
light  is  TM  polarized.  Emission  spectra  of  the 
sample  with  a  finite  periodic  superlattice  are 
plotted  for  three  different  temperatures  in  fig.  8. 
Several  overlapping  emission  peaks  cover  the 
range  between  830  and  1400  cm''.  The  inset  of 
fig.  8  shows  the  calculated  energy  dispersion  of 
the  investigated  emitter.  The  solid  lines  represent 
the  calculation  for  an  infinite  superlattice,  while 
the  dots  denote  the  energies  of  the  different  states 
in  the  minibands  for  an  eight  period  superlattice. 
Vertical  transition  energies  (arrow  marked  in  the 
inset)  are  plotted  as  dashed  lines  in  fig.  8.  The 
radiative  transition  between  the  two  lowest 
superlattice  minibands  at  about  llOmeV  can  be 
observed  up  to  room  temperature.  The 
electroluminescence  spectrum  recorded  at  low 
temperature  shows  additional,  fully  reproducible 
features.  These  peaks  are  attributed  to  the 
interminiband  emission  originating  from  vertical 
transitions  from  states  in  the  upper  minibands  to 
states  in  the  lower  miniband. 

The  peaks  between  the  dashed  lines  can’t 
be  attributed  to  any  vertical  transition,  but  self- 
consistent  simulation  show,  that  these  transitions 
can  be  explained  as  diagonal  transitions.  The 
compensation  of  the  external  electric  field  using 
remote  doping,  as  invented  by  Tredicucci  et  al. 
[9],  is  very  sensitive  to  the  doping  concentrations. 
In  addition  it  doesn’t  fully  eliminate  the  influence 
of  the  external  field  in  the  active  cells.  As  a  result 
the  dipole  matrix  elements  of  the  diagonal  optical 
transitions  rise,  and  the  peaks  occur  at 
corresponding  positions  in  the  spectmm.  The 
second  peak  from  the  left  in  the  77K  spectmm 
(fig. 8)  can  only  be  interpreted  as  a  diagonal 
optical  transition  between  the  second  lowest  state 
in  the  upper  miniband  and  the  highest  state  in  the 
lower  miniband.  Simultaneous  emission  at  more 
frequencies  (fig.8)  can  be  applied  in  the  design  of 
a  “multicolor”  GaAs/AlGaAs  laser. 

An  emission  spectmm  of  the 
interminiband  emitter  with  an  aperiodic  (chirped) 
superlattice  is  in  fig.  9.  The  emission  peak  is 
centered  around  852  cm''.  Compared  to  the 
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Figure  7  Conduction  band  of  an  emitter  based  on 
aperiodic  (chirped)  superlattice.  The  optical  transition 
is  arrow  marked. 
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Figure  8:  Emission  spectmm  of  the  interminiband  emitter  at  three 
different  temperature.  The  inset  shows  simulation  of  the  active  cell 
using  the  envelope  function  model  (solid  line)  and  self  consistent 
calculation  of  the  confined  stated  (dots). 
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emission  spectrum  of  a  periodic  superlattice  emitter  (fig. 8)  it 
exhibits  a  much  narrower  peak  (FWHM=121  cm'‘).  The 
position  of  the  peak  is  not  sensitive  to  the  variation  of  the 
electric  field  and  the  temperature.  It  is  due  to  precise  injection 
into  the  bottom  of  the  upper  miniband  and  due  to  a  different 
concept  of  electric  field  compensation.  An  interminiband 
emitter  based  on  the  aperiodic  superlattice  appears  to  be  better 
gain  medium  for  fabrication  of  a  GaAs/AlGaAs  interminiband 
laser,  compared  to  the  emitter  with  a  periodic  superlattice. 


GaAs/AlGaAs  QUANTUM  CASCADE  LASERS 

A  quantum  cascade  laser  is  essentially  an  intersubband  emitter 
embedded  into  a  resonator.  The  most  important  part  of  the 
optical  cavity  resonator  is  a  waveguide  cladding.  A  cladding 
material  must  be  compatible  with  the  GaAs/AlGaAs  material 
system.  It  must  provide  a  strong  confinement  of  the  guided 
mode  in  the  gain  medium  and  introduce  low  optical  losses.  In 
addition  a  high  electrical  conductivity  (at  room  temperature 
and  at  cryogenic  conditions)  is  required  to  provide  a  good 
admittance  of  the  electrons  to  the  gain  medium. 

The  growth  sequence  of  the  waveguide,  used  in  the  described  sample  is  given  in  tab.  2.  Refractive  indexes  (dashed 
line)  and  the  resulting  mode  profile  (solid  line)  simulation  is  depicted  in  fig.  10.  Two  moderately  doped  GaAs  cladding  core 
layers  are  grown  in  order  to  centre  the  maximum  of  the  intensity  in  the  gain  medium  (fig.  10).  Cladding  layers,  consisting  of 
a  high  Al  content  (x=0.9),  doped  AlGaAs  are  embedding  the  gain  medium  with  the  core  layers.  The  structure  is  grown  on  an 
n"^  doped  GaAs  substrate  and  capped  by  a  highly  doped  GaAs  layer,  serving  as  a  contact  layer.  The  confinement  factor  is 
reaching  42%  and  the  waveguide  loss  a=26  cm’'. 

The  active  zone  is  using  the  intersubband  concept.  It  is  designed  to  emit  at  10  pm.  Spacing  between  level  three  and 
level  two  is  tailored  to  124  meV  (photon  energy)  and  between  level  two  and  level  one  to  37  meV.  The  self-consistent 
simulation  of  the  active  cell  and  an  injector  is  shown  in  (fig.  1 1).  An  active  cell  consists  of  three  wells:  GaAs  ISA,  AlGaAs 
20A,  49A,  17A,  40A.  Calculated  dipole  matrix  elements  for  (3-1)  and  (3-2)  optical  transitions  shows  elimination  of  (3-1) 
transition,  that  would  be  spurious  for  the  lasing  action.  Active  cells  are  separated  by  funnel  injectors  (filled  area  in  fig.  11). 


Figure  9  Emission  spectrum  of  an  emitter  based  on 
an  aperiodic  superlattice 


Pumose 

Material 

Thickness 

Doning 

Claddine 

AlGaAs,  x=0.9 

6000  A 

n4=6el7  cm’^ 

Gr.  Layer 

AlGaAs,  x=0.33  to  0 

300A 

n4=2el8  cm’^ 

Core 

GaAs 

14000  A 

nd=4el6  cm’'* 

1  Gain  medium 

Core 

GaAs 

15500  A 

nH=4el6  cm'" 

Gr.  Layer 

0  to  x=0.33 

300  A 

nH=2el8  cm’"' 

Cladding 

AlGaAs  x=0.9 

10000  A 

nd=6el7  cm’^ 

Table  2  AlGaAs  based  waveguide  composition. 


The  Al  content  in  the  AlGaAs  barriers  is  set  to  x=0.33.  The  lasing  transition  is  arrow  marked  and  the  injector  is  represented 
by  the  filled  area.  The  gain  medium  of  the  sample  contains  30  periods  of  alternating  active  cells  and  injectors. 

Samples  are  wet  chemical  etched  using  H3P04(85%):  11202^0%):  C2H4O2  20:8:20  (vol.  parts),  into  20  to  30  pm 
wide  ridges.  Chips  are  grinded  to  100-150  micron  thickness,  AuGeNi  contacts  are  evaporated  on  the  back  side  and  alloyed. 
TiA.u  non-alloyed  top  contacts  are  sputtered  and  extended  over  a  PECVD  deposited  Si3N4  layer,  forming  a  bonding  pad. 
Ridges  are  cleaved  into  1-2  mm  long  bars,  soldered  to  a  heat  sink  and  installed  in  a  He  cooled  cryo-flow. 
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The  samples  are  characterized  using  the  same  setup  and  methods 
as  for  characterization  of  the  spontaneous  emitters.  Light  is 
collected  using  f/0.75  optics  and  focused  on  a  LN2  cooled  MCT 
detector.  Pulsed  signal  is  demodulated  using  correlation 
techniques.  A  fourier  transform  spectrometer  in  step  scan  mode, 
combined  with  correlation  techniques  is  used  to  measure  the 
emission  spectra.  The  sample  is  pulsed  with  Ips  long  pulses  at  a 
repetition  rate  of  30  kHz  to  measure  the  spontaneous  emission. 
The  current  density  is  2800  A/cm^  (well  below  the  lasing 
threshold).  The  spectrum  is  centered  at  978  cm"'  (10.2  microns) 
and  full  width  half  maximum  is  139  cm"'.  This  yields  a  relative 
peak  width  of  7,  that  is  a  typical  value  for  this  kind  of  emitter. 
The  total  output  power  lies  in  the  10  nW  range. 

To  exceed  the  lasing  threshold,  pulses  of  100ns  duration 
at  5  kHz  repetition  rate  and  high  current  (up  to  7.5A)  are  applied. 
Fig.  12.  is  showing  the  optical  output  characteristics  (L-I)  of  a 
1.55  mm  long  and  25  pm  wide  laser  ridge.  The  lasing  threshold, 
measured  at  5K  is  13.3  kA/cm".  Peak  output  power  is  estimated 
to  be  in  range  of  200  mW  per  facet.  Light  is  100%  TM  polarized. 
The  highest  achieved  operational  temperature  is  100  K. 
Maximum  of  the  output  power  at  this  temperature  decreases  ten 
times,  compared  to  the  output  at  5K.  The  emission  spectrum  of 
the  same  sample  at  5K  and  1.05*Jth  is  shown  in  fig.  13.  The 
multimode  spectrum  is  centered  at  9.78  pm  (=1021.5  cm"').  The 
linewidth  of  a  mode  is  less  then  0.5  cm"'  (limited  by  the 
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Figure  11;  Conduction  band  of  an  active  cell  with 
applied  electric  field.  Squared  wavefunctions  are 
plotted.  Lasing  transition  is  arrow  marked.  The 
shadowed  polygon  represents  a  funnel  injector. 
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Figure  10;  Mode  profile  (solid  line)  and 
refractive  index  (dashed  line),  in  the 
waveguide. 


Figure  12:  Output  characteristics  (L-I  curve) 
of  a  1.55  mm  long  laser,  ridge,  measured  at 
5K. 


resolution  of  the  FTS  in  step-scan  mode).  The  average  mode  spacing  is  0.95  cm"',  that  yields  a  group  refractive  index 
ng=3.37.  Additional  modes  appear,  if  the  drive  current  is  increased.  No  measurable  spectral  shift  accompanied  the  variation  of 
the  drive  current  or  the  temperature. 
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CONCLUSIONS 


Figure  13:  Laser  spectrum.  Ridge  is  1.55 
mm  long.  Group  refractive  index  calculation 
yields  a  value  of  3.37. 


In  conclusion,  we  have  realized  intersubband  and 
interminiband  quantum  cascade  emitters  on  GaAs/AlGaAs  material 
system.  Mid  infrared  emission  was  demonstrated  up  to  room 
temperature  using  both  concepts  for  spectral  range  from  800  cm  to 
1600  cm"'  (12.5  pm  to  6.25  pm).  Photovoltaic  behavior  of  the 
stractures  was  demonstrated  above  77K,  proving  the  possibility  of 
application  these  stmctures  for  detection  purposes.  Tunability  of  the 
emission  wavelength  is  demonstrated  using  a  structure  with  tunneling 
assisted  diagonal  transition.  The  emission  wavelength  can  be  voltage 
tuned,  over  a  range  of  40  cm"'.  Ridge  lasers  with  peak  powers  around 
200  mW  per  facet  are  fabricated.  A  laser  operating  at  9.78  microns,  at 
temperatures  up  to  100  K  and  the  threshold  current  density  of 
13.3  kA/cm^  is  presented.  All  these  results  are  promising  high 
performance  of  the  GaAs/AlGaAs  mid-infrared  coherent  sources  in  the 
near  future. 
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ABSTRACT 

The  operating  principles  and  experimental  results  concerning  far-infrared  lasers  based  on  the  intersubband  hot  holes  optical 
transitions  in  crossed  electric  and  magnetic  fields  as  well  as  on  the  optically  excited  intracenter  shallow  impurity  states  are 
reviewed  and  discussed.  The  analysis  of  the  state  of  the  art  and  the  possible  directions  of  the  development  of  p-Ge  hot  hole 
intersubband  transitions  laser  and  the  results  of  the  recent  theoretical  and  experimental  investigations  of  new  THz  media 
based  on  impurity  transitions  in  Si  doped  by  phosphorus  are  presented. 

Keywords:  semiconductor,  valence  band,  hot  holes,  laser,  shallow  impurity,  silicon,  germanium. 

1.  INTRODUCTION 

It  is  well  known  that  THz  domain  of  the  electromagnetic  radiation  (X"'  =  v  =  300  30  cm  f  =  10  -i-l  THz)  has  a  great 

importance  for  spectroscopy  of  gases,  liquids  and  condensed  media.  The  frequencies  of  molecule  rotations,  solid  state  lattice 
vibrations,  localized  impurity  states  transitions  in  semiconductors  and  semiconductor  structures  as  well  as  optical  transitions 
between  quantum  well  subbands  lie  in  this  region.  Nevertheless  the  THz  applications  are  limited  up  to  the  moment  because 
of  the  lack  of  THz  tunable  effective  sources  of  coherent  radiation. 

The  conventional  microwave  tubes  such  as  backward  wave  oscillators,  magnetrons,  clinotrons  etc.  need  a  smaller 
interaction  circuit  structure  and  narrower  electron  beam  for  higher  operating  frequencies  (30  -  300  p,m)  for  the  generation  of 
the  THz  waves.  THz  gyrotrons  would  require  extremely  large  magnetic  fields  (hundreds  kOe).  Consequently,  such  devices 
can  not  be  practically  used.  The  working  frequencies  of  semiconductor  microwave  devices  such  as  IMP  ATT  diode  (f  <  0.4 
THz),  Gunn  diode  (f  <  0.15  THz)  and  resonance  tunneling  diode  (f  <  ITHz)  are  limited  by  the  characteristic  times  of  fte 
basic  processes  such  as  the  electron  transit  of  an  interaction  region,  ballistic  heating,  intervalley  scattering  and  underbarrier 
tunneling  correspondingly.  Additionally  RC  cutoff  problem  becomes  more  prominent  for  higher  frequencies.  On  the  ofter 
hand  the  development  of  the  gas  quantum  generators  that  successfully  bridged  optical  and  near  infi-ared  wavelength  regions 
can  not  solve  the  problem  to  cover  THz  region  because  of  the  limited  number  and  narrow  widths  of  emission  lines. 
Traditional  band  gap  semiconductor  lasers  based  on  the  interband  transitions  are  less  effective  for  lower  fi-equencies  and  do 
not  work  for  v<  250  cm  The  reasons  mentioned  above  explain  the  high  level  of  research  activity  aiined  at  the 
investigation  of  the  new  THz  active  media  based  on  the  intraband  transitions  in  semiconductors  and  semiconductor 
structures.  P-Ge  lasers  based  on  the  hot  hole  intersubband  transitions’’^  and  light  hole  Landau  level  transitions  ’  in  crossed 
electric  and  magnetic  fields,  as  well  as  laser  on  shallow  acceptor  transitions  in  stressed  Ge^  can  be  regarded  as  a  successes 
of  such  investigations  in  bulk  semiconductors.  It  has  been  shown  recently  that  highly  nonequilibrium  2D  electron  subsystem 
in  MQW  heterostructures  is  perspective  for  THz  stimulated  emission  on  the  intersubband  quantum  well  transitions 
(Cascade-type^  and  Fountain-  type''  lasers).  Bloch  oscillation  phenomena  in  quantum  superlattices  is  an  alternative  rapidly 
developing  direction  in  investigation  of  THz  devices*’^. 

2.  HOT  HOLE  INTERSUBBAND  TRANSITIONS  P-GE  LASER 

2.1.  Theoretical  background. 

The  degenerated  valence  band  of  Ge  consists  of  light  (/)  and  heavy  {h)  hole  subbands  (fig.  1)  und  l-h  optical  transitions 
determine  THz  radiation  absorption  in  semiconductor  with  acceptor  concentration  Na  >  lO'^  cm  ^  at  low  temperatures. 
Intersubband  absorption  (amplification)  coefficient  dm  on  the  fi’equency  to  is  proportional  to  the  difference  of  the  population 
densities  of  valence  band  subbands  states  /  a(p)  (a=/,A)  averaged  over  the  isoffequency  surface 

cc/a((o)  ~  /a(p)-  //(p);  n<o=Eiip)-  Ship) 


Fig.  1.  Intersubband  transitions  (£»(?)),  scattering 
rates  of  holes  (Va(p))  and  inversion  population 
mechanism  scheme. 

Let  us  consider  the  hole  distribution  formed  by  their  motion  in  the  momentum  space  under  applied  crossed  electric  (£)  and 
magnetic  (S)  fields  and  their  scattering  on  optical  (opt),  acoustical  (ac)  phonons  and  on  the  coulomb  (im)  centers  vi^ith 
characteristic  frequencies  Vo“^  Va™. 

Va='Ca''(e)  =Va“'’‘  +  +  Va” 

For  lattice  temperatures  /cT  <  hato  (tiato  =  37  meV  -  optical  phonon  energy  in  Ge),  the  optical  phonons  occupation  numbers 
are  negligible,  their  emission  is  spontaneous  and  thus  has  a  threshold  character.  On  the  other  hand  for  the  holes  energies  6  > 
hwo  and  moderate  doping  Na  S  lO'^  cm‘^  the  optical  phonon  assisted  scattering  dominates 

Va"'’*  (e  >  Scoo)  »  Va*'  (e),  Va™  (E). 


Fig.  2.  Momentum-space  hole  trajectories  and  3 
characteristic  types  of  distributions 


Fig.  3.  Intersubband  amplification  (solid)  and 
Drude-type  absorption  (dashed)  cross-section 
as  a  function  of  fields.  Monte-Carlo  simulation 
for  isotropic  model  of  valence  band. 


Fig.  4.  Temperature  dependence  of  amplification 
cross-section  per  hole  for  fixed  fi'equency:  (1)  E=3.5 
kV/cm,  B=1.84  T;  (2)  E=1.75  kV/cm,  B=0.92  T. 
Monte-Carlo  simulation  for  isotropic  model. 
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The  ballistic  heating  of  holes  with  e  <  h(x)o  realizes  when 

Va  (e  <  ACOo)  «  (Oa',  cE/pa  <Va^Xe>  HOo), 

where  cOa’^  =  eB/ifiaC  are  cyclotron  resonance  (CR)  frequencies  of  holes,  while  pa=i2  nia  -  is  a  threshold  optical 

phonon  assisted  scattering  momenta.  The  three  main  variants  can  be  distinguished  according  to  the  values  of  the  holes  drift 
energies 


a)  £ct‘‘  >  b)  £(,■*  >  ftcoo  >  £/^ ,  c)hao>  S-a 


where  £a‘'=  {pafl2  nia,  pa  =  niaC.  [  EE  ]/B^. 


Fig.  5.  Small  signal  gain  versus  hole  concentration 
for  fields  E=1.7  kV/cm,  B=1  T  and  temperature 
T=30  K  for  frequencies:  (1)  v=100  cm"';  (2)  v=50 
cm'';  (3)  v=200  cm’';  (4)  v=25  cm'';  (1’  dashed) 
v=100  cm''  for  Q|=  4jt.  Simplified  model. 


Fig.  7.  Amplification  cross-section  per  hole  as  a  function 
of  frequency  for  fields:  (1)  E=0.7  kV/cm,  B=0.45  T; 

(2)  E=1.2  kV/cm,  B=0.9  T;  (3)  E=3.5  kV/cm,  B=2,5  T. 
Monte-Carlo  simulation  for  isotropic  model. 

Fig.  8. .  Amplification  cross-section  for  realistic 
anisotropic  valence  band  of  Ge. 


Fig.  6.  Amplification  cross-section  per  hole  as  a 
function  of  total  number  of  Coulomb  centers: 
(solid  line)  E=3.5  kV/cm,  B=1.84  T;  (dashed) 
E=1.75  kV/cm,  B=0.92  T.  Monte-Carlo 
simulation  for  isotropic  model. 
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In  the  first  case  both  types  of  holes  exhibit  the  “streaming”  motion.  Their  distributions  are  similar/*//  -  and 

slightly  dependent  on  the  magnetic  field  values.  As  a  result  h  —>l  transitions  lead  to  the  absorption  of  THz  radiation.  In  the 
second  case  there  appears  a  set  of  light  holes  trajectories  Si,  that  does  not  intersect  the  border  of  the  “active”  e  <  ^coo  and 
“passive”  e  <  ^cOo  regions.  Ballistic  heating  means  that  the  life  times  of  the  heavy  holes  and  light  holes  beyond  the  region  Si 
for  e  <  ^(Oo  are  controlled  by  their  transit  to  the  region  of  optical  phonon  scattering,  while  the  life  times  on  the  Si  trajectories 
are  controlled  by  acoustical  phonons  and  Coulomb  centers  scattering.  Thus  Si  is  the  region  of  light  holes  accumulation 
(trap).  Holes  with  e  >  ^COq,  come,  emitting  the  optical  phonons,  with  equal  probability  to  the  states  of  heavy  and  light  hole 
subbands,  forming  the  area  of  pumping  8a.  It  is  determined  by  the  holes  transit  beyond  the  passive  region  border.  Fields 
increasing  with  constant  ratio  £/B=  const  does  not  change  the  density  of  intensity  of  source  of  scattered  holes  //(p)  = 

h{p)=  lip),  while  the  integral  la.d'p  ~  co/  is  increased.  When  5,  covers  the  trap  states,  their  population  increase,  / (0*‘, 
while  heavy  hole  subband  states  are  depleted  /  h  .  Thus  inverse  population  on  l-fi  transitions  is  formed.  Field 

increasing  (Ae  >  htOo)  causes  the  reduction  of  the  pumping  efficiency.  In  the  case  (c)  heavy  subband  trap  S'*  appears  and 
overpopulation  of  the  light  hole  subband  is  suppressed.  The  optimum  fields  ratio  in  the  isotropic  model  of  Ge  valence  band 
(mi=  0.04  mo,  /«*=0.32  mo,  mo- free  electron  mass )  is /'*  =  0.7 p\;  E/B  =  0.14  kV/cm  x  kOe  =1.4kV/cmxT. 

2.2.  Intersubband  amplification. 

The  populations  of  light  and  heavy  holes  subband  states  and  the  amplification  coefficient  have  been  calculated  using 
Boltzmann  kinetic  equation  and  Monte-Carlo  simulating  procedure  both  in  the  fi'ame  of  classical  approach.  Calculation 
results  are  plotted  on  figure  3-9.  Figure  3  presents  small  signal  gain  received  by  Boltzmann  equation  analytically  using 
isotropic  valence  band  in  x-approximation.  Dashed  curve  on  fig.3  shows  l-h  small  signal  gain  versus  hole  concentration,  for 
the  non-realistic  case  when  light  subband  states  with  energies  less  then  the  optical  phonon  energy  accumulate  carries 
(maximum  volume  angle  of  S;-trap  £2|  =  4  it).  Substantially  lager  value  of  small  signal  gain  for  this  case  demonstrates  the 
importance  of  the  increasing  of  the  S/  -trap  volume,  but  Qi  should  not  exceed  271  in  germanium  because  of  S^  appearance. 
Monte-Carlo  simulations  have  been  made  both  in  isotropic  fig.  4-8  and  anisotropic  fig.9  real  model  of  the  valence  band  of 
germanium  accounting  h-h  scattering  by  taking  the  double  concentration  of  ionised  Coulomb  centers  (M=  2  N),  where  N  = 
Ni  +  Ni,  -  hole  concentration,  N/Ni,  <0.1.  Hot  holes  small  signal  gain  consists  of  two  parts:  %*  -  intersubband 
amplification/absorption  coefficient  and  ot**  -  collision  absorption  coefficient  connected  with  heavy  hole  scattering  on  the 
optical  phonons  (non-vertical  intrasubband  optical  transitions) 


a*(v)  =  N  (a,*  +  o**), 

where  v-  reciprocal  wavelength  of  light,  a  -  cross-section  of  the  absorption. 

The  calculations  demonstrate  that  l-h  amplification  can  be  realised  in  the  wide  range  of  the  THz  frequencies  and  working 
temperature  can  be  increased  up  to  the  liquid  nitrogen  one.  In  p-Ge  with  acceptor  concentration  Na  =  (2  -i-  3)  x  10  cm  and 
low  compensation  Na  =  N  one  ean  get  l-h  small  signal  gain  aih  =  0.15  cm’’.  For  frequency  range  v=  100  cm  '  optimum  of 
doping  is  about  Na  =10"*  cm"^  and  for  v  <100  cm''  it  should  be  less.  The  angle  of  non-orthogonality  between  the  total 
(including  space  charge  correction)  electric  field  and  magnetic  field  is  a  very  important  parameter.  Ballistic  heating  of  holes 
under  electric  field  component  directed  along  magnetic  field  decreases  the  time  of  life  of  trapped  holes  and  terminates  l-h 
amplification.  The  admissible  angle  0  of  non-orthogonality  should  be  less  then  1-2°.  Values  and  ratio  of  electric  and 
magnetic  fields  appropriate  for  the  maximum  of  the  gain  are  presented  on  fig.3.  For  the  wave  number  of  light  v  =100  cm  ' 
the  optimum  values  of  fields  are  £  =  1.7  kV/cm,  /7=  12  kOe  and  £/ff  =  0.14  kV  /(kOe  cm)  (p*‘'=0.7/7*'’).  The  increasing  of 
the  fields  provides  broader  frequency  range  of  l-h  amplification,  but  at  the  same  time  makes  Drude  absorption  (cThh(v)  ~  v  ) 
stronger.  As  result  maximum  of  holes  cross-section  o  *=  O/*  +  a**  is  shifted  to  higher  frequencies  with  field  increasing.  The 
simulations  in  the  anisotropic  model  of  the  valence  band  reveal  the  optimal  orientations  of  electric  and  magnetic  fields 
according  to  the  ciystallographic  orientation.  It  occurred  that  in  the  case  of  the  drift  motion  of  heavy  holes  directed  along 
[111]  or  [110]  crystallographic  orientations  one  can  get  the  largest  volume  of  the  light  hole  trap  and  higher  amplification 
coefficient.  Recently  using  Monte-Carlo  simulating  procedure  the  distribution  functions  and  amplification  cross-section 
have  been  analysed  taking  into  account  space  charge  efFects'°.  It  is  shown  that  real  space  redistribution  of  holes  strongly 
affects  the  l-h  amplification  because  of  disturbances  of  field  homogeneity  and  orthogonality.  Simulations  of  non-linear 
regime  yield  the  output  power  characteristics  of  p-Qe  lasing.  For  high  enough  level  of  the  intensity  of  the  radiation  the  trap 
states  are  depleted  by  light.  The  amplification  cross-section  depends  on  the  intensity  as^ 

cr,*(/)  =  <Ttt(0)  (1  -t-  J/  /)  ■'  , 

where  7*=  (2  ^5)  kW/cm^ 
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The  stimulated  emission  intensity  inside  the  resonator  for  the  stationary  case  can  be  determined  from  the  equation 

=  tti+a  +o(*fc+ Y  =  P  +  Y  . 

where  y  (cm'‘)  -  the  coefficient  of  the  output  coupling  of  stimulated  emission,  reduced  to  the  unit  of  the  length  of  the  cavity. 
The  output  power  of  the  unit  volume  of  active  medium  p*  =yj*  has  the  maximum  for  Y  =  (P  (0))'^^  ■  P- 
For  A^=  1.5  X  10'"  cm'^  we  get  a,*(0)  =  0.12  cm"',  0.03  cm"'  and/o=  5  x  10^  W/cml  It  has  to  be  mentioned,  that  the 

current  density  of  holes  practically  does  not  depend  on  the  value  of  field  in  the  case  of  streaming  type  distribution:  j  h  1.5  x 
1 0"'"  X  N  A/cm"  and  dissipation  input  power  can  be  estimated  as  D  ~  (cOh*^)"'  h  10^  W/cm^.  As  a  result  we  get  the  output 
power  P*  =  10  W/cm^  with  the  efficiency  ri=  P*/D  =  10"". 

2.3.  Lattice  absorption. 

The  most  important  factor  limiting  the  working  temperature  and  determining  the  threshold  concentration  of  holes  and 
pumping  current  is  the  host  lattice  absorption.  Photon-phonon  ha  +  hap  (q)  =  AcOp.(q)  combination  (hap  =  8  meV,  hap'  =  20 
meV  expected)  yields  two-phonon  difference  lattice  absorption",  that  dramatically  increases  with  temperature,  being 
proportional  to  the  occupation  number  of  ap  phonons.  According  to  the  experimental  results'^  the  lattice  absorption  in  the 
purest  Ge  <  1 0  "  cm"^ )  is  given  by 

aL(v,  T)=aL‘(v)exp(-T*/T),  aL*(v)~v^ 

where  T*=  80  K,  Ul*  (80  cm"')  =  0.5  cm"' . 

For  T  <  10  K  two-phonon  lattice  absorption  should  be  negligible  (ttL*  <  10"^  cm"' ),  but  experiment  reveals  high  enough 
residual  absorption  a,  =10"^  cm"'  that  can  not  be  explained  in  terms  of  two-phonon  difference  process.  Thus  for  total 
amplification  we  have  to  write  down: 

a(v)  =  N  (a, A  +  CTa*  )+  +cXr 

Residual  absorption  doesn’t  depend  on  temperature  below  T  =  10  K  and  substantially  increases  threshold  hole 
concentration  N^=  lO'^  cm"^  and  threshold  current =  15  A/cm^  being  the  main  obstacle  for  CW  lasing. 

2.4.  Valence  band  states  Landau  quantization. 

Landau  quantization  has  a  very  strong  influence  on  l-h  optical  transitions  in  magnetic  field  because  of  the  discrete  character 
of  light  hole  Landau  level  subbands  and  eigenfunctions  orthogonality.  In  crossed  electric  and  magnetic  fields  such 
orthogonality  will  be  partly  destroyed  but  the  oscillatory  behavior  of  optical  characteristic  still  remains  even  in  this  case. 
The  characteristic  parameter  of  quantitative  corrections  is  the  ratio  of  drift  energy  of  holes  and  CR  energy  haa-  The 
calculation  of  the  amplification  in  the  frame  of  quantum  approach  imply  the  summation  over  all  light  and  heavy  hole 
Landau  tubes'^ 

<>»w- . 

nmp, 

where  -  matrix  element  of  optical  transition  between  n  and  m  Landau  tubes. 

The  peculiarities  of  optical  density  of  states  appeared  because  of  the  crossing  of  light  Landau  level  tube  (n)  and  l-h  optical 
transitions  isoffequency  (On*(p)  surface,  that  determines  the  line  of  frequency  tuning  of  the  maximum  of  the  gain 

=  [p/ +  /2m  , 

where  /w  ”'  =  pr  =  (feeB/c)'''^,  n=0, 1,2... 

The  light  hole  tubes  change  their  position  in  the  momentum  space  under  electric  and/or  magnetic  fields  and  some  of  the 
tubes  can  be  switched  off/on  since  the  l-h  tunneling  and  Coulomb  scattering  rates  having  maximum  just  near  p  =  0.  Thus  the 
frequency  skipping  can  be  observed.  L-h  tunneling  means  that  “initial”  light  and  heavy  hole  states  are  mixed  in  crossed 
electric  and  magnetic  fields.  Such  l-h  hybridization  has  non-monotonically  dependence  on  the  light  hole  Landau  level 
quantum  numbers  and  leads  to  the  corresponding  corrections  of  lifetime  for  every  of  Landau  level  state""^'.  The  influence 
of  quantum  effect  on  lifetimes  can  be  strong  enough  and  yield  the  inversion  population  between  different  “light”  hole 
Landau  levels  and  as  result  additional  amplification  on  the  “light”  hole  cyclotron  resonance  and  CR  harmonics. 
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2.5.  Shallow  acceptor  state  effects. 

The  role  of  the  doping  impurities  B,  Al,  Ga,  In,  T1  can  not  be 
reduced  only  to  providing  the  necessary  hole  concentration 
and  to  the  Coulomb  scattering.  Optical  transitions  between 
impurity  states  lie  in  the  wavelength  region  of  p-Ge  laser 
radiation  and  can  essentially  influence  the  amplification.  It 
was  shown  that  the  main  recombination  process  in  the 
conditions  used  is  recombination  assisted  by  spontaneous 
emission  of  optical  phonons^^.  The  bound  states  lifetimes  are 
determined  by  the  impact  ionization  processes  making  the 
cascade  capture  on  acoustic  phonons  ineffective.  It  is  shown, 
that  the  most  shallow  excited  states  are  in  the  thermal 
equilibrium  with  the  heavy  holes  Ni/N  -  10'^  +10^,  while  the 
deeper  ones  accumulate  about  10  %  of  the  carriers  in  Ge:Ga 
that  is  much  more  (10^)  then  for  equilibrium  distribution.  It 
means  that  Ga  acceptors  give  impact  into  the  absorption  on 
the  level  a  <  4  x  10  cm''  for  an  acceptor  concentration  7/ = 
lO'''  cm'^.  The  population  of  the  impurity  levels  is  changed 


Fig.  9.  Population  of  acceptor  states,  versus 
ionization  energy  for  different  intensities  of  laser 
radiation  (^  =  100  pm) 


by  the  growing  laser  radiation  (fig.  9).  The  laser  radiation 
with  intensities  close  to  saturation  (J=  1.5  kW/cm^)  causes  the  ground  acceptor  state  depletion,  while  excited  states  are  not 
effectively  ionized.  The  result  is  the  inverse  population  of  impurity  states  in  nonlinear  regime  of  the  Ge:Ga  laser.  This 
model  allowed  to  explain  the  details  of  the  spectra  of  p-Ge  laser,  its  dynamical  behavior  and  the  observed  increase  of  the 
pumping  current  with  the  development  of  laser  radiation.  These  investigations  allowed  to  make  a  conclusion  about  the 
advantages  of  the  deeper  dopants  (Be,  Zn,  Cu)  for  the  increase  of  the  small  signal  gain  in  p-Ge  laser  and  reduction  of 
excitation  threshold. 

2.6.  Experiment. 

Up  to  the  moment  l-h  stimulated  emission  has  been  received  on  p-Ge  doped  by  different  elements 
II  (Be,  Zn)  and  I  (Cu)  chemical  groups  of  Mendeleev  classification  for  the  acceptor  concentrations  A(4=10'^  -s- 
It  was  revealed  that  the  optimum  hole  concentration  for  l-h  lasing  is  N  =10'“'  cm'^  with  threshold  concentration 
A"’=10'^cm■^  Binding  energies  of  III  group  acceptors  are  relatively  small  (the  energy  range  of  ground  states  Eg,*.  =11.1- 
1 3. 4meV)  and  the  majority  of  centers  are  ionized  (N=0.9N a)  by  hot  hole  impact  process.  Deeper  acceptors  are  less 


of  III  (Al,  Ga,  In,  Tl) 
rlO'^  cm•^ 


Fig.  10.  Ge:Ga  laser  band  and  the  emission  spectra. 
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ionized:  for  Ge:Be  (eg.3.  =24.8  meV)-  NsO.8  Na,  Ge:Zn  (e^s-  =33  meV)-  NbO.5  Na  and  for  Ge;Cu  (Egs-  =43.2  meV)-  N<0.2 
Na  depending  on  doping  concentration  and  fields. 

Positive  results  were  obtained  both  for  Faraday  and  Voigt  configuration.  From  theoretical  estimations  one  can  expect 
not  more  then  two  times  lower  value  of  collision  absorption  cross-section  for  the  light  polarization  directed  along  magnetic 
field  that  can  be  realized  for  Voigt  configuration.  But  practically  there  are  several  factors  connected  with  real  space  charge 
distribution  (Hall  and  modified  Sasaki-Shibuya  (parallel  Hall  effect)  effects  in  crossed  El£  fields).  We  consider  that  the 
latter  has  more  influence  on  p-Ge  lasing.  It  is  an  experimental  fact  that  for  the  rectangular  parallelepiped  active  body  sample 


Fig.  11.  Overall  frequency  tuning  of  germanium  hot 
hole  lasers  as  a  function  of  the  magnetic  field. 


J,  a.u. 


0,075 


pun 


p-Ge 


K5 


i 


X,  pm 


90 


100 


110  120 


Fig.  12.  Narrow  line  (S)  and  broad  band  (a)  regimes  of 
p-Ge  laser. 


with  longer  faces  directed  along  [111]  the  crystal  axis  [1 1 1]  ±.8  configuration  (Voigt)  is  preferable,  while  for  [110]  sample 
orientation  better  results  one  can  get  in  [1 10]  ||  B  configuration. 

Light  to  heavy  hole  intersubband  stimulated  emission  (SE)  working  temperature  doesn’t  exceed  T=25  K.  The  only  data  on 
lasing  with  working  temperature  as  high  as  60  K  concern  special  case  of  fields,  as  we  guess  the  amplification  on  the 
transitions  between  light  hole  Landau  levels  with  An=l  ,2  completes  the  l-h  amplifications. 

The  SE  pulse  duration  t  is  restricted  by  the  input  energy  dissipation  leading  to  active  body  heating^’.  The  pulse  duration 
reached  is  T<10‘^  sec  in  Ge:Ga  and  x^xlO'^  sec  in  Ge:Be  and  Ge:Zn  active  body  samples  immersed  in  liquid  Helium^".  The 
maximum  of  the  repetition  rate  (R=10^  Hz)  and  SE  duty  cycle  2,5  %  have  been  reached^'’^^  in  Ge:Be  samples  with  5  mm 
active  body  and  doping  concentration  2xl0'^  cm■^  High  quality  of  cavity  was  provided  by  internal  reflectivity. 

Typical  bands  of  the  applied  field  for  stimulated  emission  are  shown  at  Fig.  10.  TTiere  are  two  parts  of  SE  band  for 
Ge:Ga  laser  with  Na-Nd=(5-8)x10'^  cm'^  (Nd/Na=0.1):  low  field  subband  (A)  and  high  field  subband  (B).  Subband  A 
provides  a  long  wavelength  emission  and  subband  B  —  shorter  one  (compare  Fig.  11).  The  first  one  is  terminated  for  larger 
level  of  doping  Na-Nd>10'''  cm■^  As  it  was  estimated  from  SE  temporal  behavior  small  signal  gain  in  commercial  p-Ge:Ga 
does  not  exceed  a=1.5xl0'^  cm"'  for  subband  A  and  a=3xl0"^  cm"'  for  subband  B.  The  output  power  P=(1h-2)  W/cm^  for 
subband  A  and  P=(5-i-10)  W/cm^  for  subband  B  with  efficiency  ii^lO"^  was  registered.  Laser  characteristics  are  worse  then 
one  can  expect  from  theoretical  calculations  and  it  is  explained  by  the  insufficient  quality  of  germanium.  This  conclusion 
follows  from  the  recent  SE  measurements  with  Ge  samples  of  better  quality  grown  and  fabricated  in  LBL  (E.E.Haller  team). 
From  the  experimental  data  published  the  higher  level  of  small  signal  gain  a=4xl0"^  cm"'  in  Ge:Ga  and  a=7xl0  cm  in 
Ge:Be  and  Ge:Zn  can  be  estimated.  Unfortunately  direct  measurements  have  not  been  performed  yet. 

Overall  data  of  stimulated  emission  frequencies  measured  on  Ge:Aui  lasers  with  quasi-optical  (non-selective)  resonator 
are  plotted  on  Fig.  11.  P-Ge  laser  based  on  l-h  transitions  has  a  broad  band  (A  v<  20cm"')  of  SE  and  the  spectral  density  of 
the  laser  intensity  depends  on  active  medium  and  cavity  selectivity.  SE  spectrum  has  pronounced  temporal  behavior.  It  is 
started  with  shorter  wavelength  and  tunes  to  the  longer  ones  (AX  <  0.2X)  during  the  first  microsecond.  Points  on  Fig.  1 1 
present  the  frequencies  of  SE  intensity  maximums  versus  magnetic  field.  Fan  lines  are  expected  positions  of  CR  and  CR 
harmonics  frequencies  from  quasiclassical  approach  of  Landau  quantization. 

CR  and  second  harmonic  of  CR  yield  the  mostly  pronounced  maximums.  On  the  other  hand  it  is  occurred  that  SE  lines  for 
A  subband  in  Ge:  Am  medium  are  condensed  just  to  the  intracenter  G-line  while  for  B  subband  the  spectrum  for  SE  has 
similarity  with  the  acceptor  photoionization  curve.  Additionally  in  nonlinear  regime  of  gain  the  another  lines  of  SE  that 
corresponds  to  the  intracenter  D,  E  optical  transitions  can  appear. 

The  fine  structure  of  the  SE  determined  by  the  cavity  mode  composition  consists  of  q-set  (q<500)  of  narrow  Av=(ra:ox)"' 
lines  Vq=Co(2L*n)"'  q,  tuned  with  the  rate  about  1  MHz/ps  down''^  Here  2L*  is  mode  round  trip,  n-  Ge  refractive  index,  t- 
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duration  of  the  light  pulse.  Line  tuning  means  that  optical  thickness  of  Ge  sample  increases  under  heating.  We  can 
substantially  enhance  the  intensity  of  the  lines  by  the  intracavity  frequency  selection^''  (Fig.  12).  It  means  that  due  to  the  fast 
cross-relaxation  of  light  hole  states  trapped  the  mode  competition  is  effective  and  single  line  regime  of  SE  with  Af“l  MHz 
can  be  realized  with  the  served  efficiency  level.  Fabry-Perot  type  frequency  tunable  selective  mirror  can  be  successfully 
used  for  this  purpose. 

2.7.  Nowadays  and  future  aspects. 

Continuous-wave  lasing,  mode  locking  and  THz  spectroscopy  are  key  points  for  further  p-Ge  laser  development. 
Promising  step  toward  CW  lasing  has  been  made  by  the  introduction  deeper  acceptors.  Following  we  have  to  increase  the 
amplification  cross  section  per  hole  and  high  quality  slab  or  fiber  type  resonator  with  few  millimeter  cube  active  body 
volume  has  to  be  develop.  One  way  to  get  larger  cross  section  of  amplification  is  to  stress  Ge  sample.  As  it  was  shown 
uniaxial  stressed  Ge:Ga  (P=200-^2000  bar)  provides  larger  small  signal  and  efficiency  of  lasing^^’^^.  There  is  no  theoretical 
model  and  Monte-Carlo  simulations  aimed  to  get  understanding  this  phenomena  except  several  suppositions.  Under  an 
external  uniaxial  compression  the  degenerated  valence  band  is  splitted  on  oblate  and  prolate  constant  energy  ellipsoids  of 
heavy  and  light  holes  in  momentum  space.  This  affects  scattering  rates  on  Coulomb  centers  and  changes  l-h  Landau  states 
hybridization  enhancing  the  time  of  life  of  the  light  hole  trap'^.  Additionally  relative  volume  of  Sr-  trap  slightly  increases 
leading  to  high  pump  efficiency.  At  last  the  binding  energy  of  shallow  acceptor  states  are  decreased  by  the  valence  band 
splitting  for  stressed-  induced  l-h  gap  A>eg.s  ground  state  energy  goes  up  (egs(A)— >eg,s(0)/2).  Larger  by  factor  two  the 
amplification  cross-section  per  hole  can  be  expected  and  it  settles  the  whole  matter. 

Recently  it  has  been  found  that  p-Ge  laser  can  generate  short  pulses  of  far-infrared  radiation,  that  is  direct  consequence 
of  broad  amplification  spectrum  and  low  dispersion.  Self  generation  of  strong  intensity  spikes  with  duration  less  then  80  ps 
was  observed  in  paper^^  (fig.  13).  Note,  that  this  value  was  limited  by  the  resolution  of  detecting  equipment.  The 
selfgeneration  of  short  spikes  of  radiation  has  been  interpreted  as  self-mode-locking  of  longitudinal  modes  of  p-Ge  laser. 
Taking  into  account  the  large  relative  width  of  the  gain  spectrum  A<n/o>-l  the  duration  of  the  generated  pulse  of  far-infrared 
radiation  can  be  as  short  as~lps.  Also  it  was  demonstrated  in^^  that  p-Ge  active  sample  used  as  far-infrared  optical  amplifier 


Fig.  13.  Self-mode-locking  in  p-Ge  laser  (left)  and 
active  mode  locking  in  Faraday  configuration  of 
applied  fields  (right).  Results  are  obtained  in 
University  of  Central  Florida  ( group  of  R.E.Peale). 
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transfers  the  subnanosecond  dynamic  of  amplitude  of  input  signal.  Another  few  recent  papers  are  devoted  to  the  problem  of 
active  mode  locking  of  p-Ge  laser,  where  the  train  of  short  far-infrared  pulses  is  generated  by  the  p-Ge  laser  due  to  local 
modulation  of  the  gain  at  the  round  trip  frequency  of  the  laser  cavity  The  mechanism  of  gain  modulation  is  based  on 
high  sensitivity  of  the  gain  to  the  degree  of  orthogonality  of  applied  electric  and  magnetic  fields.  Thus  RF  electric  field 
applied  in  the  direction  along  magnetic  field  can  effectively  modulate  the  gain.  Trains  of  emission  pulses  with  100-200  ps 
duration  were  obtained  in  ref^*‘‘*'.  Recently  active  mode  locking  has  been  achieved  in  Faraday  geometry  of  applied  fields, 
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which  is  more  flexible  to  modifications  of  gain  modulation  scheme  and  seems  to  be  promising  for  the  generation  of 
picosecond  duration  pulses 

Besides  using  p-Ge  laser  like  frequency  tunable  THz  source  the  intracavity  spectroscopy  can  be  introduced.  Such 
method  has  been  successfully  applied  for  THz  intraband  absorption  investigation  of  2D  charge  carriers  in  GeSi  and 
GaAsVAlGaAs,  GaAsMnGaAs  MQW  heterostructures''^  The  electromodulation  of  far  infrared  transparency  under  2D 
carriers  lateral  transport  was  measured  for  the  cryogenic  temperature  (T  =  10  K)  by  the  p-Ge  laser  output  power.  The 
heterostructures  were  introduced  into  the  laser  cavity.  The  high  sensitivity  of  FIR  (v=50-=-60  and  80-=- 120  cm  )  transparency 
(AT/T=10'^-5-10'^)  modulation  induced  by  electric  field  applied  to  heterostructure  has  been  reached.  The  intracavily 
modulation  spectroscopy  can  be  easy  extended  for  other  medium  application.  The  list  of  devices  can  be  widen  by  THz  broad 
band  p-Ge  amplifier^’.  Mentioned  above  prove  the  perspectivity  of  hot  hole  germanium  active  medium  for  THz 
applications. 

3.  SILICON  IMPURITY  STATES  INVERSE  POPULATION  AND  FIR  STIMULATED  EMISSION. 

3.1.  Theoretical  background. 

The  possibilities  of  inverse  population  on  l-h  and  /-/  transitions  in  crossed  electric  and  magnetic  fields  and  on  impurity 
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Fig.  14  Energy  diagrams  and  transitions  schemes  for  Si:Bi  and  Si;P  with  CO2  laser  pumping. 

transitions,  as  well  as  low  level  of  lattice  absorption  make  silicon  a  perspective  material  for  THz  amplification.  We  will 
concentrate  on  the  two  schemes  of  inverse  population  of  impurity  states  in  silicon  with  optical  CC^  laser  pumping,  based  on 
the  electron-phonon  interaction  peculiarities  (fig.  14). 

The  first  is  connected  with  the  resonance  interaction  with  optical  phonons  (ftcoo  =  Eex,s.  -  eg.s. ),  that  realizes  in  Si:Ga  (  fecoo  = 
62  meV  =  e2po  -  Egs  ),  in  Si:Bi  (Scoo  =  59  meV  =  e2po-  )•  The  fast  transitions  from  the  correspondent  states  (Vop  =10'^  sec 
' )  accompanied  by  spontaneous  emission  of  optical  phonons  (licoo  »  kT)  cause  the  depletion  of  these  states,  while 
population  of  the  higher  excited  states,  formed  mainly  by  the  relaxation  due  to  interaction  with  acoustical  phonons  (Te  =  10' 
'“sec  for  T  =  10  K),  is  higher  in  the  conditions  of  optical  pumping. 

Calculated  population  of  impurity  states  in  Si:Bi  with  CO2  laser  pumping  is  presented  on  fig.  15.  The  rates  of  acoustical 
phonon  assisted  transitions  were  estimated  within  hydrogenlike  center  model  ,  the  rate  of  optic  phonon  assisted  transition 
from  2po  state  was  estimated  from  the  line  shape  of  ls->2po  optical  transitions.  It  is  shown  that  the  population  inversion  is 
realized  under  the  conditions  of  optical  pumping  on  the  transitions  ending  the  2po  Bi  donor  states  from  higher  excited 
impurity  states  and  continuum  states  with  energies  (e  <  kT)  as  well,  for  the  lattice  temperatures  kT  <  hvio  //n(Vop/Vi)  (Vi  - 
optical  ionization  rate).  For  higher  temperatures  induced  optical  phonon  assisted  transitions  populating  the  excited  states  are 
essential.  The  amplification  up  to  2  cm"'  (that  exceeds  the  level  of  lattice  absorption  a  l*-  0-1  cm '  )  is  expected  in  the 


48 


frequency  range  of  25-5-100  cm"'  for  pumping  intensities  of 
CO2  laser  I  >  100  W/cm^  (  10.6  pm  ),  concentration  of  Bi 
donor  centers  Nj  =  lO'^  cm'^  and  lattice  temperatures  up  to 
60  K. 

The  other  population  inversion  scheme  is  possible  due  to  the 
specific  of  acoustic  phonon  assisted  relaxation  to  the  shallow 
Coulomb  centers  (Si;P,  Si:As,  Si:Sb).  It  is  essential,  that  the 
electron-phonon  interaction  is  suppressed  for  the  lower 
excited  bound  states  due  to  the  energy  and  momentum 
conservation  laws.  The  acoustic  phonon  wave  vectors  q., 
corresponding  to  such  transition  =  hqijv,  =  E,  -  tj  appears 
to  be  larger,  than  lower  state  localization  in  9-space. 
Corresponding  states  are  longliving  and  can  be 
overpopulated. 

In  the  case  of  Si:P  the  inversion  population  of  2po  state 
(lifetime  in  the  order  10"’  10‘*  s  )  is  expected  under  the 

photoionization  by  CO2  laser  radiation.  The  photoionization 
of  donors  in  the  LHe  temperatures  should  cause  the 
overpopulation  of  2po  state  and  THz  amplification  (v  =  168 
H- 180  cm'' )  on  2po  ls(E),  2po  ^  ls(T2)  transitions''^ 

3.2.  Experiment. 

Far-infrared  spontaneous  and  stimulated  emission  from  Si:P 


energy,  meV 

Fig.  15.  Population  of  impurity  and  continuum 
states  in  Si:Bi  under  CO2  laser  pumping  I  =100 
W/cm'^ ,  Nd  =  1  o'®  cm'^  (N+  -  ionized  donor 
concentration) . 


CO^  power,  W/cm^ 

Fig.  16.  The  dependence  of  the  far-infrared  spontaneous 
emission  on  the  CO2  laser  pumping  intensity  for 
different  doping  concentration 
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Fig.  17.  A  dependence  of  the  far-infrared  spontaneous 
(left)  and  stimulated  (right)  emissions  from  Si  on  the 
CO2  laser  pumping  intensity 


under  CO2  laser  excitation  have  been  investigated  using  Si  crystals  with  doping  concentrations  Nd  =  0.9  -5-  8x10  ®  cm  and 
compensation  level  about  1%.  The  crystals  were  either  grown  by  the  float  zone  method  or  by  the  Czochralski  method. 
Spontaneous  emission  signal  versus  pumping  intensity  is  plotted  on  fig.  16.  The  dependence  of  the  emission  intensity  and 
the  photocurrent  on  the  CO2  laser  intensity  was  close  to  linear  up  to  100  W/cm^  laser  intensity.  Both  of  them  increased  with 
the  doping  level.  The  threshold  gro-wth  of  the  emission  signal  was  observed  for  the  pumping  intensities  higher  10  kW/cm'^ 
for  samples  with  the  doping  concentration  around  Nd  =  2  x  lO'®  cm'^  (fig.  17).  This  dependence  can  be  interpreted  as  a 
stimulated  emission.  The  frequency  range  150-5-  200  cm''  of  the  generation  was  estimated  by  using  of  the  far-infrared 
filters'*''.  It  corresponds  to  expected  2po  ls(E,  T)  transition.  The  threshold  dependence  was  not  observed  for  Si  samples 
with  doping  level  out  of  the  range  8  x  lO'"*  -5-  3  x  lO'®  cm'^  and  the  response  was  less  then  50  mV.  The  unexpectedly  high 
level  of  the  threshold  pumping  intensity  is  explained  by  the  excitation  of  D'  centers  (donors  with  extra  electron).  The 
reduction  of  the  threshold  intensity  thus  can  be  reached  by  compensation. 
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ABSTRACT 

The  observation  of  spontaneous  emission  from  phosphorus  doped  Si  with  a  doping  concentration  of  0.9xl0'^cm^  and 
2xl0'^  cm'^  is  reported.  Population  inversion  between  the  2po  state  and  the  ls(T)  and  ls(E)  states  was  achieved  by  optically 
pumping  with  a  CO2  laser.  The  spontaneous  emission  increased  with  pump  power.  Electrons  could  be  excited  from  the  2po 
state  into  the  conduction  band  due  to  the  absorption  of  background  radiation  or  radiation  from  a  far-uifrared  probe  laser.  The 
frequency  dependence  of  the  absorption  is  in  agreement  with  the  cross  section  for  photo  ionization  of  a  transition  from  the 
2po  state  into  the  conduction  band. 

Keywords:  semiconductor  laser,  terahertz,  far-infrared,  silicon 


1.  INTRODUCTION 

Many  scientific  applications  in  the  Terahertz  (THz)  frequency  range  require  coherent,  continuous  wave,  and  frequency 
tunable  radiation  sources.  They  are  needed  for  example  in  TEk  heterodyne  receivers  for  astronomy  and  atmospheric  remote 
sensing  or  fusion  plasma  diagnostics.''  ^  Other  applications  are  in  molecular  and  solid-state  spectroscopy.  '  Up  to  now  far- 
infrared  (FIR)  gas  lasers  are  used  for  these  purposes.  However,  they  are  bulky  and  not  tunable  in  frequency,  which  limits  the 
application.  For  example,  space  based  systems  are  very  difficult  to  realize  with  gas  lasers. 

One  of  the  key  issues  for  THz  frequency  applications  is  the  development  of  compact  and  frequency  tunable  radiation  sources, 
which  can  deliver  several  microwatt  output  power  in  a  continuous  mode.  Because  of  the  prime  importance  many  approaches 
have  been  made  in  order  to  develop  new  THz  sources.  They  can  roughly  be  divided  into  four  groups.  One  approach  is  based 
on  the  extension  of  microwave  technology,  i.e.  some  kind  of  microwave  oscillators  (e.g.  Grmn  oscillator),  which  are 
multiplied  by  Schottky  varactor  diodes  or  heterostructure  barrier  varactors.  The  highest  frequency  generated  with  these 
sources  is  about  1  THz  and  the  output  power  is  slightly  below  100  pW.®  By  downconversion  of  the  radiation  from  two 
infrared  lasers  it  is  possible  to  generate  about  1  pW  up  to  1  THz.  But  this  falls  off  quite  rapidly  above  1  THz.’  Another 
approach  is  the  generation  of  coherent  radiation  in  a  heterostructure.  When  designed  as  a  quantum  cascade  laser  these  devices 
emit  in  the  infrared  region  (wavelength  of  1 5  pm  or  shorter),®  while  devices  based  on  Bloch  oscillations  operate  up  to  about 
100  GHz.^  The  frequency  range  in  between  is  not  covered  by  heterostructure  devices.  The  fourth  approach  is  the  use  of  single 
crystalline  material.  Up  to  now  lasing  has  been  demonstrated  in  p-type  Ge  in  crossed  electric  and  magnetic  fields  and  in 
uniaxially  stressed  Ge.'°'  "  The  laser  emission  covers  the  range  from  about  3-6  THz.  In  this  paper  we  describe  experiments 
on  a  new  mechanism  for  the  generation  of  population  inversion  and  far-infrared  laser  emission  in  phosphorus  doped  single 
crystalline  silicon. 


2.  PRINCIPLE  OF  OPERATION 

Optical  pumping  of  a  Si  crystal  with  shallow,  hydrogen  like  impurities  is  a  possible  mechanism  to  generate  population 
inversion,  because  the  cascade  character  of  the  phonon  assisted  relaxation  allows  efficient  pumping  of  excited  impurity 
states.  However,  the  phonon  assisted  relaxation  might  cause  problems,  because  it  heats  the  crystal  and  therefore  decreases  the 
population  inversion.  Another  complication  arises  from  the  fact  that  the  absorption  of  radiation  between  two  impurity  states 
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falls  in  the  same  frequency  region  as  a  possible  laser  transition.  Hence,  the  possibility  of  a  laser  transition  in  Si  with  shallow 
impurities  depends  on  the  details  of  the  non-equilibrium  population  distribution  of  the  optically  pumped  Si. 

Si  doped  with  phosphorus  atoms  is  a  promising  candidate  for  the  proposed  laser  mechanism.  Irradiation  by  a  CO2  laser  leads 
to  the  excitation  from  the  ls(A)  ground  state  into  the  conduction  band  (Fig.  1).  This  is  followed  by  a  fast  (10  s)  relaxation 
via  an  optical  phonon  and  a  cascade  of  acoustic  phonon  assisted  relaxation  processes  (10’’®  s).'^  The  2po  state  with  its  lifetime 
T2po=(3  -  5)xl0'’  s  is  longliving  compared  to  the  other  excited  states.’^  This  is  due  to  the  restrictions  of  the  momentum 
conservation  law.'"*  The  lifetime  was  obtained  from  saturation  experiments  of  the  optical  transition  ls(A)-^2po.  Population 
inversion  between  the  2po  and  ls(E,T)  states  is  therefore  expected  under  the  conditions  of  optical  excitation  with  a  pumping 
rate  W>(T2poxexp(-AE/(kBT,))'',  where  AE  is  the  energy  gap  between  the  ls(A)  and  ls(T,E)  donor  states,  kg  is  the  Boltzmann 
constant  and  T|  is  the  lattice  temperature.  Calculations  which  take  into  account  the  optical  excitation  from  the  ground  state 
and  ls(E),  ls(T)  states  and  acoustic  phonons  assisted  relaxation  and  excitation  show  that  in  Si:P  crystals  vidth  a  doping 
concentration  around  10*^  cm’^,  a  crystal  temperature  T|<20  K,  and  a  pumping  intensity  >  1  Wcm^  amplification  on  the 
2po->ls(E,T)  transitions  is  possible.  The  expected  gain  is  a=0.03  cm"’.''* 


Fig.  1:  Energy  level  diagram  of  Si:P  with  the  proposed 
laser  transition,  the  CO2  pump  transition  and  the  FIR 
probe  laser  frequencies. 


Fig.  2:  Experimental  set-up  for  the  pump-probe 
experiments. 


3.  EXPERIMENTAL  SET-UP 

Seven  Si  crystals  with  phosphorus  doping  were  tested.  The  parameters  of  the  crystals  are  listed  in  Table  1.  The  doping 
concentration  varies  between  0.9  and  8x10’’  cm'^.  One  very  pure  crystal  with  a  doping  concentration  below  lO'^  cm"’  was 
used  as  reference  material.  The  crystals  were  either  grown  by  the  float  zone  method  or  by  the  Czochralski  method.  The 
compensation  is  in  the  about  1%. 


Sample  No. 

Method  of  Growth 

Resistivity 
(Q  cm] 

Doping  Concentration 
[lO^cm'^j 

Size  [mm  ] 

FIR  beam  along 
axis  /  length  [mm] 

1 

Czochralski 

5 

0.9 

6x6. 5x7 

[lll]/7 

2 

Czochralski 

2 

2 

6x6.2x7 

[lll]/7 

3 

Czochralski 

>2000 

<  0.006 

5x5x7 

[lll]/7 

4 

Float  zone 

5 

0.9 

5x5x7 

[lll]/7 

5  , 

Czochralski 

2 

2 

5x5x7 

[lll]/7 

6 

Float  zone 

1.5 

3 

5x5x7 

[lll]/7 

7 

Czochralski 

0.5 

8 

5x5x7 

[lll]/7 

Table  1;  The  parameters  of  the  investigated  Si:P  crystals. 
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The  pump-probe  experiment  (see  Fig.  2)  consisted  of  a  CO2  laser,  which  excited  a  FIR  gas  laser  transversely.  The  FIR  laser 
was  optimized  to  operate  at  five  different  frequencies:  1.63  THz  (lasing  medium  CH2F2),  2.52  THz  (CH3OH),  3.11  THz 
(CH3OH),  4.25  THz  (CH3OH)  and  5.24  THz  (CH3OD).'®  The  typical  output  power  was  in  the  range  from  0.1  mW  to  1  mW. 
The  FIR  radiation  was  directed  towards  the  Si  sample  by  a  metallic  tube.  The  Si  sample  was  immersed  in  liquid  Helium  (IHe) 
at  a  temperature  of  4.2  K.  At  the  entrance  of  the  tube  a  polyethylene  window  was  used  to  avoid  the  diffusion  of  water  to  the 
IHe.  A  second  CO2  laser  was  used  to  pump  the  Si  sample.  This  laser  was  frequency  tunable  in  the  range  from  9.2  -  9.8  pm 
and  10. 1  -  10.9  pm.  Via  a  mirror  and  metallic  tubes  its  radiation  was  directed  towards  the  sample.  A  GaAs  window  was  used 
to  prevent  the  diffusion  of  water  vapor  into  the  IHe  vessel.  The  CO2  radiation  was  chopped  mechanically  with  about  480  Hz. 
By  using  different  chopper  blades  it  was  possible  to  generate  pulses  with  a  minimum  length  of  2  -  3  ms.  This  lowers  the  heat 
load  to  the  Si  crystal.  The  CO2  pump  beam  and  the  FIR  probe  beam  were  directed  orthogonal  to  each  other  through  the  Si 
crystal.  Two  Ge:Ga  detectors  were  integrated  in  the  set-up.  One  with  a  resistivity  of  10  Qcm  (Ge  10)  was  used  for  the 
detection  and  alignment  of  the  CO2  radiation  and  the  other  with  a  resistivity  of  40  Qcm  (Ge  40)  was  used  for  the  detection 
and  alignment  of  the  FIR  radiation.  To  prevent  the  scattering  of  CO2  radiation  onto  the  Ge  40  detector  a  monocrystalline 
sapphire  filter  was  used.  The  signals  from  the  Ge  10  detector  and  from  the  Ge  40  detector  were  recorded  with  a  Lock-in 
amplifier  with  the  chopping  frequency  of  the  CO2  pump  laser  as  the  reference.  In  addition,  the  signals  were  recorded  with  a 
500  MHz  digital  oscilloscope. 


The  experiment  for  the  generation  of  spontaneous  emission  was  performed  with  a  pulsed  CO2  laser  in  order  to  achieve  higher 
pump  power.  This  laser  delivered  pulses  with  a  duration  of  3  -  5  ps  at  a  repetition  rate  of  about  150  Hz.  The  principle  set-up 
is  shown  in  the  inset  of  Fig.  6.  The  FIR  emission  was  detected  in  orthogonal  direction  to  the  direction  of  the  CO2  pulse. 
Again,  the  CO2  pulse  was  detected  with  the  Ge  10  detector  while  the  FIR  emission  was  detected  with  the  Ge  40  detector.  A 
sapphire  filter  was  used  in  front  of  the  Ge  40  detector  in  order  to  block  the  CO2  radiation.  The  FIR  emission  signal  could  be 
spectrally  analyzed  by  inserting  InSb,  GaAs  and  KRS  5  filters  in  front  of  the  Ge  40  detector. 


4.  FIR  ABSORPTION  BY  OPTICALLY  EXCITED  SI:P 


1.  Absorption  of  background  radiation 

Optical  excitation  by  CO2  laser  radiation  leads  to  a  population  of  the  2po  state.  From  this  state  absorption  into  the  conduction 
band  is  possible.  In  this  section  we  describe  the  absorption  of  backgrotmd  radiation  by  optically  excited  Si.  The  background 
radiation  was  directed  towards  the  Si  sample  by  a  metallic  tube.  Figs.  3a)  and  b)  display  the  structure  of  a  CO2  excitation 
pulse  (upper  trace  of  Fig.  3a))  and  the  FIR  signal  (lower  trace  of  Fig.  3a)  and  Fig.  3b))  from  a  Si:P  crystal  with  a  doping 
concentration  of  3xl0‘^  cm■^  Due  to  the  sign  of  the  FIR  signal  on  the  Ge  40  detector  it  is  an  absorption  signal.  While  the  CO2 
pulse  is  smooth,  a  striking  feature  of  the  FIR  pulse  is  that  it  consists  of  two  components,  one  component  with  a  time  constant 
much  less  than  1  ms  and  the  other  with  a  time  constant  in  the  order  of  1  ms.  We  interpret  the  fast  component  to  be  due  to  the 
absorption  by  transitions  from  the  excited  donor  states  into  the  conduction  band  (electronic  absorption)  which  is  a  fast 
process.  The  slow  component  is  due  to  lattice  absorption  of  the  Si  lattice. 


Fig.  3:  a)  Stmcture  of  the  CO2  pump  pulse  (upper  trace) 
and  the  FIR  pulse  (lower  trace)  and  b)  stmcture  of  the  FIR 
pulse  in  a  logarithmic  scale.  Note  the  two  components 
with  different  slopes. 


Fig.  4:  Dependence  of  the  FIR  signal  due  to  lattice 
absorption  (circles)  and  electronic  absorption  (squares)  on 
the  doping  concentration  (samples  3-7). 
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In  Fig.  4  the  magnitude  of  the  signals  due  to  electronic  absorption  and  due  to  lattice  absorption  are  shown  as  a  function  of  the 
doping  density  of  the  crystal.  The  signal  due  to  electronic  absorption  increases  linearly  with  the  doping  concentration  while 
the  signal  due  to  lattice  absorption  is  almost  independent  of  the  doping  concentration.  There  is  only  one  exception.  For  the 
sample  with  2xl0'^  cm'^  donors  (sample  5)  the  signal  due  to  electronic  absorption  is  smaller  than  expected.  The  reason  for 
this  is  not  quite  clear.  It  might  be  a  non-ideal  crystal  for  example  with  too  many  dislocations.  The  interpretation  of  the  FIR 
signal  as  absorption  of  background  radiation  is  supported  by  the  experimental  findings  that  the  absorption  signal  decreases  by 
about  a  factor  of  three  when  the  backgromid  is  at  a  temperature  of  77  K  instead  of  300  K  and  that  the  absorption  signal 
saturates  with  increasing  CO2  pump  power,  because  all  electrons  are  excited.  These  experiments  already  demonstrate  the 
possibility  to  populate  the  excited  donor  states  by  optical  excitation  with  a  CO2  laser. 


2.  Frequency  dependence  of  the  absorption 

In  order  to  get  the  information  which  state  is  populated  by  the  absorption  of  CO2  laser  radiation  we  have  probed  the 
population  of  the  excited  states  with  the  radiation  from  a  FIR  gas  laser.  Since  the  energy  separation  of  the  2po  state  and  the 
minimum  of  the  conduction  band  is  1 1 .46  meV,  the  FIR  radiation  has  to  have  a  minimum  frequency  of  2.78  THz  in  order  to 
lead  to  a  direct  absorption  into  the  conduction  band.  However,  as  it  is  clear  from  Fig.  1  the  probability  for  an  absorption  at  a 
somewhat  smaller  frequency  is  quite  high,  since  there  is  a  quasi  continuum  just  below  the  conduction  band  minimum.  In  fact, 
due  to  the  high  doping  concentration  the  activation  energy  Ej  of  the  donors  is  lowered.  The  lowering  can  be  described  by 

Ed=Edo[l-(ND/Neri,)''^]  .  (1) 

where  No  is  the  doping  concentration,  Ncnt  is  the  critical  donor  concentration  at  which  the  activation  energy  vanishes 
(«l.lxl0'*cm-^  for  Si)  and  Ejo  is  the  activation  energy  for  ND«Ncri,.  For  No  =10'^cm-^  this  yields  an  activation  energy  of 
10.3  meV,  corresponding  to  a  lowering  of  the  frequency  where  absorption  can  be  expected  to  2.5  THz.  Therefore,  radiation 
from  the  four  laser  lines  with  frequencies  above  2.5  THz  should  be  absorbed.  Only  at  1.63  THz  the  energy  is  not  sufficient 
for  an  absorption  into  the  conduction  band  and  no  corresponding  impurity  level  is  available  for  an  absortion  transition.  As 
shown  in  Fig.  5  we  observed  absorption  of  the  FIR  probe  laser  at  all  laser  frequencies  above  2.52  THz  but  none  at  1.63  THz, 
in  agreement  with  the  previously  outlined  arguments. 

For  a  quantitative  comparison  the  magnitude  of  the  absorption  signal,  AS,  has  to  be  calculated.  It  depends  on  the  cross- 
section  for  photo  ionization,  ct(v),  at  the  laser  frequency  ,v,  the  difference  in  the  population  density,  AN,  between  tire  2po  state 
and  the  conduction  band,  the  length,  L,  of  the  Si  crystal  and  the  power,  Pfir,  of  the  FIR  probe  beam.  Division  of  the 
absorption  signal  by  the  FIR  laser  power  yields  the  relative  absorbed  FIR  power,  which  is  a  measure  for  the  population 
difference  between  the  2po  state  and  the  conduction  band.  For  a  small  absorption  and  low  FIR  power,  i.e.  saturation  effects 
can  be  neglected,  one  has 


AS»a(v)ANLPFiR  .  (2) 

It  is  worth  noting  that  the  relative  absorbed  FIR  power  has  two  contributions:  One  is  the  absorption  of  FIR  laser  power  and 
the  other  is  the  decrease  of  the  spontaneous  emission  due  to  depopulation  of  2po  state.  However,  our  calculations  show  that 
the  latter  effect  is  negligible,  i.e.,  only  0.1  %  of  AS  is  due  to  the  depopulation  of  the  2po  state. 

In  Fig.  5  the  relative  absorbed  FIR  power  is  shown  as  a  fimction  of  the  probe  beam  frequency.  The  values  for  the  2  £2cm 
crystal  (sample  no.  2)  are  about  a  factor  of  1.9  bigger  than  for  the  5  Qcm  crystal  (sample  no.  1).  This  is  expected  because  the 
2  flcm  crystal  has  about  twice  the  impurity  concentration  and  for  the  same  level  of  pump  power  about  twice  the  number  of 
electrons  are  excited  into  the  2po  state.  Also  shown  in  Fig.  5  is  the  frequency  dependence  of  the  relative  absorbed  FIR  power 
calculated  according  to  Eq.  2.  The  cross  section  for  photo  ionization  was  calculated  according  to  a  model  for  a  hydrogen  like 
impurity  state  with  the  Coulomb  factor  included 

a(v)  =  y  (hv  /  Eb  -  1)  (hv  /  Eb)'^  .  (3) 


Here  Eb  is  the  binding  energy  of  the  impurity  and  Y=5.5xl0'‘‘'cm'^  is  a  constant  which  depends  on  the  effective  mass  of  the 
electron  and  several  constants  of  nature.’*  It  is  important  to  keep  in  mind  that  Eq.  3  is  strictly  valid  only  for  the  absorption 
from  an  s-type  state  into  the  conduction  band.  For  an  absorption  from  a  p-type  state  the  maximum  shifts  to  a  slightly  higher 
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frequency.  In  addition,  the  binding  energy  of  the  2po  state  has  to  be  taken  (11.46  meV).  For  the  calculation  of  the  relative 
absorbed  FIR  power  a  population  difference  of  0.3  %  was  assumed  for  both  crystals.  This  value  yield  a  good  agreement 
between  the  measured  data  and  the  calculated  absorption  curve. 

It  is  possible  to  estimate  the  population  difference  between  the  2po  state  and  the  conduction  band  for  the  given  experimental 
conditions.  From  power  measurements  at  the  exit  of  the  metal  tube  and  the  reflection  of  FIR  radiation  from  the  surfaces  of 
the  Si  crystal  (ca.  30  %)  the  CO2  power  density  entering  the  Si  crystal  can  be  estimated  to  be  about  1  W/cm^.  For  this  value 
and  a  lattice  temperature  of  4.2  K  our  model  yields  an  excitation  of  0.36  %  of  the  electrons  from  the  phosphoras  impurities 
into  the  2po  state.  Furthermore,  it  follows  from  the  model  that  the  population  of  the  conduction  band  is  only  about  1%  of  the 
population  of  the  2po  state.  Therefore,  the  difference  between  both  is  about  equal  to  the  population  of  the  2po  state,  i.e. 
0.36  %.  This  is  in  excellent  agreement  with  the  value  of  0.3  %  obtained  from  the  fit  to  the  measured  data. 


Fig.  5:  Relative  absorbed  FIR  power  as  a  function  of  the 
probe  laser  frequency.  The  solid  line  is  the  calculated 
absorption  curve. 


COj  Pump  Power  [a.u.] 

Fig.  6:  Spontaneous  emission  as  a  function  of  the  CO2 
pump  power.  In  the  inset  a  scheme  of  the  experimental 
set-up  is  shown. 


5.  GENERATION  OF  SPONTANEOUS  EMISSION 

It  was  possible  to  generate  spontaneous  emission  by  using  a  pulsed  CO2  laser.  This  laser  delivered  more  power  than  the  cw 
CO2  laser  while  the  heat  load  to  the  crystal  is  not  increased.  Fig.  6  shows  the  results.  The  observed  emission  signal  increases 
linearly  with  increasing  pump  power.  As  already  seen  in  the  absorption  experiments  the  signal  from  the  2  Qcm  sample 
(no.  2)  is  about  two  times  higher  than  that  from  the  5  Qcm  sample  (no.  1)  because  of  the  two  times  higher  doping 
concentration.  In  order  to  confirm  that  the  emission  originates  from  the  2po— >ls(E)  (v=5.10  THz)  and  2po— >ls(T) 
(v=5.41  THz)  transitions,  filters  were  introduced  between  the  Si  sample  and  the  Ge  40  detector.  At  the  low  frequency  side  the 
KRS  5  filter  cuts  off  frequencies  below  about  4.3  THz  while  at  the  high  frequency  side  the  GaAs  filter  has  a  50  %  absorption 
above  6.5  THz.  Comparing  the  signals  with  and  without  the  filters  leads  to  the  conclusion  that  the  emission  falls  into  the 
frequency  region  between  5  THz  and  6  THz.  The  only  transitions  in  this  region  are  2po^ls(E)  and  2po— >ls(T),’®  therefore 
the  observed  emission  signal  is  spontaneous  emission  from  these  transitions  (see  also  Ref.  20).  However,  the  pump  power 
was  not  sufficient  to  achieve  stimulated  emission. 


6.  CONCLUSION 

We  have  demonstrated  the  possibility  to  achieve  population  inversion  and  spontaneous  emission  from  optically  pumped  Si:P. 
Population  inversion  was  achieved  between  the  2po  state  and  the  ls(E)  and  ls(T)  states.  Background  radiation  and  the 
radiation  from  a  FIR  laser  was  absorbed  by  the  2po  state,  which  could  be  populated  due  to  the  excitation  with  a  CO2  laser. 
The  absorption  signal  consists  of  a  fast  electronic  part  and  a  slow  part  due  to  lattice  absorption.  The  frequency  dependence  of 
the  FIR  laser  absorption  is  in  agreement  with  the  frequency  dependence  of  the  cross  section  for  a  transition  from  the  2po  state 
into  the  conduction  band.  Spontaneous  emission  was  observed  when  pumping  the  Si  crystal  with  a  pulsed  CO2  laser.  The 
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emission  signal  has  a  frequency  between  5  THz  and  6  THz  as  expected  for  the  transitions  from  the  2po  state  to  the  ls(E)  and 
ls(T)  states.  Since  further  optimization  is  possible,  we  conclude  that  phosphorus  doped  Si  is  a  promising  material  for  a  FIR 
laser. 
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ABSTRACT 

Wavelength  dependent  properties  of  the  p-Ge  THz  Ictser  are  reported  for  pulsed  as  well  as  for  mode  locked  operation. 
The  original  small  mirror  laser  outcoupler  has  been  replaced  by  a  mesh  outcoupler,  resulting  in  clear  improvements 
of  laser  action.  The  optical  output  has  been  analysed  using  a  grating  spectrometer  and  fast  Schottky  diode  detectors. 
For  0.25<B<  0.6T,  170-185  (xm  emission  occurs.  Laser  action  starts  at  short  wavelength;  during  the  pulse,  longer 
wavelength  components  gain  intensity,  until  simultaneous  emission  across  the  whole  band  occurs.  With  the  mesh 
outcoupler  instead  of  a  small  mirror,  the  small  signal  gain  is  found  to  incrccise,  for  instance  from  0.015  cm  ^  to  0.04 
cm~^  at  172  /xm  .  With  the  rf  field  modulation  applied,  770  MHz  mode  locking  of  the  laser  is  achieved  at  172  fxm, 
yielding  a  train  of  100  ps  FWHM  pulses.  For  0.5<B<1.4T,  75-120  pm  emission  is  observed,  dependent  on  both  B 
and  E  field.  Time-and  wavelength  dependence  is  complicated;  often  an  oscillatory  behaviour  of  spectral  components 
is  seen.  Although  this  effect  complicates  the  formation  of  stable  pulse  trains  under  mode  locked  conditions,  140  ps 
pulses  have  been  produced. 

Keywords:  p-Ge  hot  hole  laser,  THz  emission,  mode  locking,  small  signal  gain 

1.  INTRODUCTION 

The  p-Ge  hot  hole  laser  is  as  yet  the  only  solid  state  laser  with  a  strong  and  tunable  broad  band  emission  in  the  THz 
frequency  range.  A  disadvantage  of  this  source  is  the  strong  heating  of  the  cryogenically  cooled  laser  crystal,  due  to 
the  necessary  brute  force  laser  excitation.  As  a  consequence,  only  short  pulsed  operation  is  possible.^  Lately,  much 
effort  has  been  put  into  the  development  of  techniques  to  realise  C.  W.  operation  of  this  laser,  in  order  to  enable  the 
use  of  this  source  for  instance  as  local  oscillator  in  THz  heterodyne  systems. We  have  focussed  our  attention  on 
the  possibilities  to  employ  this  laser  to  create  vtvy  short  pulses,  that  could  be  used  for  time  resolved  experiments  in 
which  monochromatic  THz  radiation  is  needed. 

Some  time  ago  a  possible  method,  based  on  Monte  Carlo  simulations,  was  discussed  to  actively  mode  lock  the  p-Ge 
leiser.®  Using  the  modulation  technique  proposed  in  that  publication,  actual  mode  locked  operation  was  realised.®’^ 
Peculiar  properties  of  the  optical  output  of  this  mode  locked  laser  appear  to  be  intimately  related  to  the  wavelength 
dependence  of  gain  and  pulse  shape  cis  observed  for  long  pulsed  operation.®’®  Therefore  in  this  paper  we  present 
results  on  the  wavelength  dependent  properties  of  the  optical  output  both  for  long  pulsed  as  well  as  for  mode  locked 
operation.  Also  the  influence  of  laser  excitation  conditions  will  be  addressed.  We  show  that  we  are  able  to  produce 
trains  of  THz  pulses  pulses  with  a  (FWHM)  width  shorter  than  100  ps.  Since  our  latest  reports  on  this  subject, 
we  have  modified  the  laser  cavity  design,  which  has  resulted  in  drastic  changes  in  the  optical  output  characteristics. 
Prelimenary  results  obtained  with  this  new  cavity  will  be  compared  with  the  earher  data. 

The  operation  of  the  p-Ge  hot  hole  laser  is  based  on  the  acceleration  of  holes  in  E  J.  B  fields  at  T  <  20  K.^  For  the 
proper  ratio  of  E  and  B  fields,  E/B  «  1.4  kV/cmT,  the  heavy  holes  (hh)  are  accelerated  up  to  energies  above  the 
optical  phonon  energy  fiw  «  37  meV  ,  and  therefore  strongly  scattered  by  optical  phonons.  A  few  percent  of  these 
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hh’s  are  scattered  into  the  light  hole  band.  The  light  holes  (Ih)  do  not  reach  the  optical  phonon  energy,  and  are 
thus  not  scattered,  but  accumulate  on  closed  trajectories  below  the  optical  phonon  energy.  The  resulting  population 
inversion  between  the  Ih  band  and  the  hh  band  leads  to  stimulated  emission  in  the  1.5-4. 2  THz  range.  It  must  be 
noted  that  both  bands  are  split  up  in  discrete  Landau  levels  by  the  action  of  the  magnetic  field.  Because  of  the  very 
short  life  time  of  the  hh’s,  combined  with  the  small  Landau  level  splitting  resulting  from  the  large  effective  mass,  the 
hh  Landau  levels  merge  to  one  broad  band.  Because  of  the  longer  life  time  of  the  Ih’s  and  the  much  larger  Landau 
level  (and  electron  spin-)  splitting  the  Ih  band  does  exhibit  a  discrete  structure.  So,  in  fact,  population  inversion 
occurs  between  one  or  more  Ih  Landau  levels  and  the  hh  band.  By  increasing  the  amplitude  of  both  E  and  B,  the 
frequency  of  the  laser  emission  tends  to  increase. 


Figure  1.  p-Ge  laser  cavity  design.  Figure  2.  Schematic  view  of  the  experimental  set-up 

For  proper  action,  E  and  B  must  be  accurately  perpendicular,  as  a  small  component  of  the  electric  field  ||  B  causes 
an  acceleration  of  the  holes  which  is  not  restricted  by  the  action  of  the  Lorentz  force.  This  enables  the  light  holes 
to  gain  so  much  energy  that  they  are  also  scattered  by  optical  phonons,  partly  into  the  hh  band,  leading  to  the 
destruction  of  the  population  inversion.  Being  a  disadvantage  for  normal  leiser  operation,  this  very  effect  can  be 
made  usefull  to  obtain  a  modulation  of  the  laser  gain.  With  the  application  of  a  periodic  electric  field  ||  B,  the 
population  inversion,  and  thus  the  laser  gain,  reaches  a  minimum  at  maximum  amplitude  of  that  field,  i.e.  twice  per 
E„  cycle.  So,  by  choosing  the  frequency  t/  equal  to  half  the  laser  cavity  round  trip  frequency,  a  modulation  of  the 
gain  at  the  round  trip  frequency  is  achieved;  the  essential  prerequisite  for  active  mode  locking.® 


2.  EXPERIMENTAL  DETAILS 

2.1.  Laser  crystal 

The  laser  sample  used  was  cut  from  a  single  crystal  of  Ga  doped  Ge,  with  Nca  =  7.10*^®  cm“^,  in  the  form  of  a 
rectangular  parallelepiped  of  5  x  7  x  49.46  mm®.  In  the  /ormer  cavity  design  two  gold  mirrors,  evaporated  on  quartz 
substrates  and  isolated  from  the  crystal  by  10  ftm  Teflon  films,  were  attached  to  the  end  faces  of  the  sample.  The 
smaller,  4  mm  diameter,  mirror  covered  only  part  of  the  end  face:  the  l^lser  radiation  leaking  out  alongside  this 
mirror  was  detected.  In  the  new  cavity  design,  shown  in  Fig.  1,  this  smaller  end  mirror  has  been  replaced  by  a  home 
made  capacitive  mesh  outcoupler,  covering  the  total  end  face  of  the  crystal.  This  enables  the  detection  of  the  laser 
emission  originating  from  the  very  center  of  the  laser  crystal. 

2.2.  Experimental  set-up 

The  high  voltage  electric  excitation  field  E  HflTO]  is  applied  to  ohmic  contacts  covering  two  opposite  lateral  surfaces 
of  the  sample  in  pulses  of  a  few  /is  long  to  avoid  excessive  heating.  The  magnetic  field  B  is  applied  perpendic¬ 

ular  to  the  long  axis  and  to  E.  The  rf  field  E^  ||  B  for  gain  modulation  is  applied  in  short  pulses  too,  synchronized 
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with  the  laser  excitation,  to  additional  ohmic  contacts  of  1  x  10  mm^  on  the  other  lateral  sides _of  the  sample.  It  must 
be  noted,  that  employing  the  Voigt  configuration,  i.e.  the  optical  axis  perpendicular  to  both  5  and  E,  is  essential  in 
order  to  use  the  present  modulation  technique.  In  the  Faraday  configuration  (optical  axis  ||  B),  which  is  often  used 
to  operate  the  p-Ge  laser,  the  modulation  electrodes  would  block  the  optical  path. 

As  the  optical  length  of  the  cavity  is  about  tioe  ^  49.46  mm  «  20  cm,  the  laser  cavity  round  trip  time  equals  1.3  ns, 
i.e.  the  roundtrip  frequency  equals  772  MHz,  and  thus  the  frequency  of  the  modulation  field  is  choosen  as  v  =  386 
MHz. 

Fig.  2  gives  a  schematic  overview  of  the  experimental  set  up.  The  High  Voltage  pulser  consists  of  a  large  low  in¬ 
ductance  capacitor  bank  that  can  be  switched  on  in  two  steps.  Voltages  up  to  0.9  kV  can  be  applied  to  the  crystal 
within  30  ns,  using  a  system  of  5  parallel  FET’s.  To  obtain  voltages  up  to  1.8  kV,  a  pre-step  is  applied  using  an 
IGBT  switch  with  a  risetime  of  <  500ns.  In  this  way,  the  electric  field  applied  to  the  crystal  is  always  raised  within 
30  ns  from  a  value  far  below  the  active  region  (see  Figs.  4  and  8)  to  the  value  needed  for  laser  action. 

For  the  gain  modulation,  a  high  voltage  proof  buffer  amplifier  with  a  250W  @  386MHz.  output  was  developed.  The 
RF  power  is  transferred  to  the  Ge  sample  by  a  50  Q  coaxial  cable.  Inside  the  home  build  Helium  cryostat,  as  close 
as  possible  to  the  sample,  a  resonant  circuit  and  transformer  are  situated  to  match  the  lOQ  resistance  between  the 
RF  contacts  to  the  500  cable. 


26  so  75  100  125  0.0  0.5 

Wavelength  (cm'')  ®  HO 


Figure  3.  Room  temperature  transmission  spectrum  Figure  4.  (E,B)  field  region  for  the  p-Ge  laser.  Dot- 
of  the  capacitive  mesh  outcoupler  as  determined  with  a  ted  curves  show  the  actived  regions  with  an  outcouple 
FTIR  spectrometer.  The  strong  oscillatory  wavelength  mirror.  Solid  line:  active  regions  with  outcouple  mesh, 
dependent  behaviour  of  the  reflectivity  is  due  to  an  The  dot-dashed  and  dashed  curves  indicate  the  long 
etalon  effect  from  the  0.45  mm  thick  Ge  substrate.  wavelength  and  short  wavelength  regions  respectively. 

The  homogeneous  electromagnet  (Bmax  ^  1.3T)  with  a  65mm  bore,  can  be  rotated  to  adjust  the  angle  between  El¬ 
and  B-field  to  obtain  optimum  laser  action.  A  z-cut  quartz  window  at  the  bottom  of  the  cryostat  enables  an  easy 
outcoupling  of  the  laser  radiation.  The  spectrum  of  the  laser  output  can  be  studied  with  a  resolution  of  about  1% 
using  either  a  7.9  grooves/mm  or  a  4  grooves/mm  Littrow  grating.  If  possible,  the  optical  path  outside  the  cryostat  is 
flushed  with  dry  nitrogen  in  order  to  avoid  water  vapour  absorption.  This  strong,  wavelength  dependent,  absorption 
does  not  only  cause  an  overall  decrease  in  signal  intensity,  but  also  strongly  distorts  the  shape  of  the  laser  emission 
spectrum. 

The  optical  output  is  monitored  with  fast  room  temperature  GaAs  Schottky  diode  detectors  (Faran  Technology) 
or  slower  pyroelectric  detectors.  The  signal  is  displayed  using  either  a  0.5  GHz  bandwidth,  2  GS/s,  or  a  1  GHz 
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bandwidth,  5  GS/s,  oscilloscope  to  monitor  the  overall  pulse  envelope.  For  a  detailed  study  of  the  waveform  of 
individual  pulses,  a  6  GHz  bandwidth  real  time  oscilloscope  was  available.  The  overall  response  time  of  the  electronic 
system  was  determined  to  be  100  ps. 

2.3.  Mesh  outcoupler 

The  mesh  outcoupler  was  designed  to  yield  a  maximum  reflection  of  about  95  %  at  a  wavelength  of  100  fiia.  In 
Fig.  3  the  transmission  of  the  mesh,  measured  with  a  FTIR  spectrometer  at  room  temperature,  is  shown.  Near  100 
ftm  indeed  a  transmission  minimum  of  about  5%  is  observed.  Although  the  wavelength  dependent  transmission  is 
strongly  distorted  by  an  etalon  modulation  resulting  from  the  «  0.45  mm  thick  Ge  substrate,  also  near  53  cm  a 
transmission  miniumum  can  be  observed. 

Because  of  the  use  of  a  capacitive  mesh  instead  of  a  small  mirror  as  outcoupling  device  for  the  laser  cavity,  a  number 
of  changes  of  the  l^tser  action  can  be  expected.  The  absence  of  frequency  selective  elements  in  the  former  cavity, 
together  with  the  inherently  broad  band  nature  of  the  intervalence  band  transition,  caused  laser  action  to  occur 
simultaneously  at  a  large  number  of  longitudinal  modes.  Now,  the  strongly  wavelength  dependent  reflectivity  of  the 
mesh  will  introduce  a  wavelength  dependent  modulation  of  the  cavity  round  trip  losses.  As  a  minimum  value  for 
the  reflection  coefficient  is  needed  in  order  to  obtain  laser  action,  this  may  influence  both  the  active  region  of  the 
laser  as  well  as  the  shape  of  the  emission  spectrum  as  a  function  of  E  and  B.  The  wavelength  dependence  of  the 
mesh  will  favour  laser  action  in  certain  regions,  and  suppress  it  in  others.  Secondly,  in  the  former  situation  only 
the  light  leaking  out  of  the  cavity  alongside  the  small  outcouple  mirror  could  be  observed.  That  means  that  in  the 
optical  signal  only  light  from  transversal  modes  with  a  non  negligible  intensity  at  a  distance  of  2  mm  or  more  from 
the  center  of  the  crystal  was  present. 

With  the  present  mesh  outcoupler,  the  emission  across  the  total  transverse  area  of  the  laser  is  monitored.  In  fact,  as 
one  may  expect  the  largest  intensity  to  originate  from  the  central  part  of  the  crystal,  that  emission  will  dominate  the 
signal  intensity.  So,  with  the  mesh  outcoupler,  the  observed  optical  signal  will  be  dominated  by  the  contribution  of 
the  lowest  order  transversal  mode  of  this  cavity,  probably  the  TEMoo  mode.  This  mode  will  most  certainly  experience 
a  larger  optical  gain  than  the  higher  order  transversal  modes  that  were  monitored  with  the  mirror  outcoupler. 

3.  EXPERIMENTAL  RESULTS 

3.1.  Pulsed  operation 

3.1.1.  Active  region  and  emission  spectra 

Using  a  reflection  grating  in  combination  with  a  fiist  pyroelectric  detector  and/or  a  Schottky  diode  detector,  the 
time-  and  wavelength  resolved  optical  output  of  the  laser  has  been  studied  throughout  the  E-B  region  where  laser 
action  is  observed.In  Fig.  4  this  active  region  is  shown.  The  solid  line  shows  the  results  obtained  with  the  new 
mesh  outcoupler,  wherezis  the  dotted  lines  depict  the  active  region  observed  under  optimal  conditions  with  the  4  mm 
diameter  outcouple  mirror.  Clearly  the  active  region  observed  with  the  mesh  outcoupler  is  considerably  extended 
compared  to  that  with  the  mirror  outcoupler.  Also  the  gap  in  laser  action  earlier  found  around  E=  IkV/cm  has 
disappeared.  However,  the  gap  in  the  laser  emission  spectrum  around  75  cm“^  remains.  This  gap  is  common  for 
Ge:Ga  hot  hole  l^lsers  and  due  to  optical  absorption  by  the  Ga  impurities  in  the  Ge  crystal. The  range  of  the 
”high-field/short  wavelength”  region  has  extended  towards  much  lower  field,  eis  shown  by  the  long  dashed  curve. 
The  ”low-field/long  wavelength”  region  (dot-dashed  curve)  has  extended  towards  much  lower  field  too,  but  seems  to 
have  shrunken  somewhat  at  the  high  field  side.  Nevertheless,  with  this  cavity,  a  region  is  found  where  laser  action 
both  at  long  and  at  short  wavelength  occurs.  This  overlap  region  near  B=0.5  T  is  clearly  seen  in  the  low  resolution 
spectra  given  in  Fig.  5. 

For  B  <  0.6T  laser  action  occurs  in  a  nearly  field  independent  wavelength  range  from  170-  185  pm.  For  B  > 
0.45T  the  broad  band  laser  emission  occurs  at  wavelengths  in  the  80-130  pm  range,  the  center  wavelength  gradually 
decreasing  towards  higher  field.  In  Fig.  6  laser  spectra  for  three  E-B  field  combinations  near  the  overlap  region 
are  given.  These  have  been  recorded  with  a  higher  spectral  resolution  than  those  in  Fig.  5,  and  show  the  influence 
of  the  strong  wavelength  dependent  reflectivity  of  the  mesh  that  results  from  the  etalon  effect  (see  Fig.  3).  The 
spectra  show  a  peaked  structure  with  a  peak  distance  that  equals  the  w  2.8  cm~^  distance  between  the  successive 
reflection  maxima  of  the  mesh.  The  low  value  of  the  reflectivity  in  the  minima  near  53  cm“^  («  60  %)  indicates 
that  certainly  in  that  wavelength  region  laser  action  can  only  occur  at  the  reflection  maxima.  Extrapolation  towards 
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higher  frequency  proves  that  also  around  90  cm  ^  the  laser  output  peaks  at  frequencies  where  maxima  in  the  mesh 
reflectivity  occur.  Because  the  overall  reflectivity  in  that  frequency  range  is  large,  often  also  in  between  the  maxima 
a  finite  emisssion  intensity  is  observed.  The  regularity  of  the  peaked  structure  is  sometimes  destroyed  by  residual 
water  vapour  absorption,  as  can  be  seen  for  instance  near  93  cm~^.  It  should  be  noted  that  the  doublet  structure  in 
the  B  =1T  spectrum  in  Fig.  5  is  not  the  result  of  this  effect.  The  splitting  is  much  larger,  about  10  cm“^  and  due 
to  the  occurrence  of  normal  and  ’’forbidden”  spin-flip  transitions.^® 


Figure  5.  Low  resolution  laser  emission  spectra  for  Figure  6.  High  resolution  spectra  for  E  and  B  near 

various  B-fields.  Near  B=0.5T  the  low-  and  high  fre-  the  overlap  region.  Intensity  modulations  are  due  to 

quency  emission  ranges  overlap.  etalon  effects  in  the  mesh  reflectivity 


3.1.2.  Time  resolved  experiments 

For  B=0.5  T  the  pulse  shapes  at  three  different  wavelengths  are  shown  by  the  solid  curves  in  Fig.  7 .  These  results 
were  obtained  with  mirror  outcoupling.  The  zero  of  the  time  scale  coincides  with  the  moment  that  the  w  3  //s 
long  HV  excitation  pulse  reaches  the  necessary  amplitude  to  create  a  population  inversion.  Emission  in  a  broad 
band  occurs,  but  laser  action  starts  at  the  short  wavelength/high  energy  part  of  the  spectrum,  and  shifts  towards 
longer  wavelengths  during  the  optical  pulse.  At  the  end  of  the  optical  pulse,  simultaneous  emission  across  the  total 
wavelength  band  occurs.From  shot  to  shot,  the  relative  intensities  at  these  three  wavelengths  varies  considerably, 
most  probably  due  to  longitudinal  mode  competition  effects.  The  time  delay  versus  wavelength  remains  however 
quite  constant. 

From  the  growth  of  intensity  in  the  early  part  of  these  pulses,  the  wavelength  dependent  small  signal  gain  g(x)  has 
been  determined  to  be  g(i72)=0.015  cm~^,  g(i77)=0.0026  cm“^  and  g(ig2)=0.0021  cm“^.  It  must  be  noted  that  these 
values  represent  the  effective  gain,  i.e.  the  actual  (bare)  gain  reduced  by,  among  others,  reflection  and  outcouple 
losses.  As  these  losses  may  well  be  in  the  order  of  0.01  cm~^,  the  wavelength  dependence  of  the  bare  small  signal 
gain  may  be  not  as  strong  as  the  above  presented  values  suggest.  The  recent  experiments  with  the  mesh  outcoupler 
indicate  much  larger  values  for  the  small  signal  gain,  for  instance  at  171  pm  a  value  of  about  0.04  cm  ^  has  been 
observed.  Also  the  time  delay  at  that  wavelength  is  reduced,  i.e.  from  350  ns,  see  Fig.  7,  to  250  ns.  As  can  be  seen, 
the  laser  emission  stops  long  before  the  end  of  the  laser  excitation.  This  is  related  to  the  strong  heating  of  the  crystal 
during  excitation,  which  causes  the  laser  gain  to  drop  with  time  as  a  result  of  increasing  lattice  absorption  and  Ih 
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phonon  scattering. To  study  the  influence  of  lattice  heating  on  the  emission,  a  two-pulse  excitation  experiment  has 
been  carried  out. 


Figure  7.  Shape  of  the  optical  pulses  for  B=0.5T  at  Figure  8.  Wavelength  dependent  delay  and  pulse 

three  wavelengths,  as  a  function  of  the  initial  crystal  shape  for  B  «  0.7  T.  The  HV  pulse  is  also  indicated, 

temperature  (see  text  for  further  explanation)  showing  the  two-step  increase  in  voltage. 

The  first  El-field  pulse,  with  a  low  enough  amplitude  to  avoid  laser  action,  heats  up  the  crystal.  By  applying  the 
second  pulse  at  a  well  defined  time  delay  after  the  first  one,  the  initial  lattice  temperature  of  the  crystal,  at  the 
moment  of  genuine  laser  excitation,  can  be  increased  in  a  controlled  way.  The  solid  curves  in  Fig.  7  have  been  taken 
at  an  initial  temperature  of  T=  4.2  K  (liquid  Helium).  The  dot-dashed  and  dotted  curves  were  measured  at  higher 
initial  lattice  temperatures,  using  this  technique.  Not  unexpectedly,  the  time  delay  between  excitation  and  start  of 
laser  emission  increases  and  the  small  signal  gain  and  peak  intensity  decrease  with  increasing  temperature  for  all 
three  wavelengths.  However,  the  amount  of  change  differs,  with  the  result  that  at  higher  initial  lattice  temperature 
laser  action  starts  at  the  long  wavelength  side  of  the  spectrum. 

In  the  high  field  region,  effects  similar  to  those  found  in  the  low  field  region,  are  observed.  In  general  the  small  signal 
gain  is  found  to  be  larger,  and  laser  action  can  be  susteuned  for  a  somewhat  longer  period,  despite  the  fact  that 
in  this  field  region  the  power  dissipation  is  much  larger  because  of  the  necessary  larger  amplitude  of  the  excitation 
field.  Just  like  in  the  low  field  region,  qualitatively  the  experimental  results  obtained  with  the  mesh  outcoupler  are 
similar  to  those  with  the  mirror  outcoupler.  The  delay  between  HV  pulse  and  start  of  laser  action  however  is  smaller 
and  the  small  signal  gain  is  higher.  In  Fig.  8  a  typical  result  using  the  mesh  outcoupler  for  B  =  0.7  T  is  shown. 
Apart  from  the  pulse  shape  of  the  optical  output  at  four  wavelengths,  also  the  HV  excitation  pulse,  is  shown.  The 
two  step  increase  of  the  amplitude  of  the  excitation  pulse  is  clearly  seen.  The  initial  crystal  temperature  was  T=4.2 
K.  The  delay  time  is  found  to  be  now  only  about  350  ns  instead  of  700  ns  with  mirror  outcoupling.  Moreover,  the 
duration  of  the  optical  pulse  is  much  longer.  Whereas  formerly  an  ultimate  duration  of  3  fis  could  be  realised  at 
this  B-field,  with  the  mesh  outcoupler,  durations  of  up  to  6  fis  have  been  observed.The  wavelength  dependence  of 
the  time  delay  in  the  high  field  region  is  more  complicated  than  in  low  field.  In  Fig.  9  an  example  for  B=0.9T  with 
mirror  outcoupling  is  given.  Laser  action  does  start  at  the  shortest  wavelength,  but  the  intensity  at  103  fiin  shows 
two  peaks  as  a  function  of  time.  Clearly  some  sort  of  mode  competition  with  the  105  /im  component  occurs.  In  this 
shorter  wavelength  region,  the  delay  of  laser  action  does  not  depend  in  a  simple  way  on  the  wavelength  as  is  the  case 
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in  the  low  field  region.  In  many  circumstances  laser  action  starts  at  an  intermediate  wavelength,  with  contributions 
at  both  shorter  and  longer  wavelength  developing  after  some  time.  In  view  of  the  results  shown  in  fig.  7 ,  this  effect 
may  quite  well  be  related  to  the  occurrence  of  a  higher  lattice  temperature  in  this  high  field  active  region.  The 
nature  of  the  pulse  to  pulse  variations  of  the  intensities  at  different  wavelengths,  together  with  the  odd  temperature 
dependent  effects,  suggest  that  the  optical  pumping  mechanisms  as  proposed  earlier^®  are  rather  unlikely.  They 
also  seem  to  contradict  the  supposed  homogeneous  character  of  the  inter  valence  band  transition.^®  Besides  these 
effects,  especially  with  the  mesh  outcoupler,  intensity  oscillations  on  a  time  scale  of  about  20  ns  are  observed.  Such 
oscillations,  have  also  been  observed  by  other  authors, and  are  probably  related  to  beating  of  different  transversal 
modes  present  within  the  cavity.^®  In  Fig.  10  a  detail  of  the  optical  pulse  for  B=0.4T  (A=172  /im)  clearly  shows 
these  «  20  ns  oscillations.  Also  visible  are  oscillations  with  a  1.3  ns  repetition  time  (=  cavity  roundtrip  time)  that 
result  from  auto-mode  locking  of  the  l2iser. 


Figure  9.  Shape  of  the  optical  pulses  at  B=0.9T  for  Figure  10.  Detail  of  the  optical  pulse  at  B— 0.4T 

three  wavelengths  (mirror  outcoupling)  showing  the  pe-  (A=172  pm),  showing  the  20  ns  oscillations  and  the 

culiar  time  dependent  intensity  variations.  short  pulse  forming  resulting  from  auto-mode  locking. 


3.2.  Mode  locked  operation 

With  the  modulation  field  Ey  ||  B  applied,  active  mode  locking  of  the  laser  is  achieved.®’^  Both  in  the  low  and  in 
the  high  B-field  region  the  overall  wavelength  ranges  are  slightly  smaller  and  the  time  delays  slightly  larger  than 
observed  for  pulsed  operation.  This  is  possibly  related  to  the  disturbing  effect  of  the  rf  modulation  field  on  the  start 
of  laser  action. detailed  view  on  the  time  resolved  output  of  the  mode  locked  laser  has  been  obtained  using  the 
6  GHz  bandwidth  real  time  oscilloscope.  In  the  early  stage  of  laser  action,  see  Fig.  11,  a  regular  train  of  pulses  with 
a  separation  equal  to  the  1.3  ns  cavity  round  trip  time,  is  observed.  The  increase  of  intensity  of  successive  pulses 
refiects  the  small  signal  gain  per  cavity  round  trip  of  the  optical  pulse.  Also  a  decrease  of  pulse  width,  typical  for 
the  build  up  period  of  mode  locked  operation,  is  observed.  The  small  signal  gain  is  found  to  be  slightly  larger  than 
for  normal  pulsed  operation  at  equal  E  and  B  fields.  With  the  mesh  outcoupler  a  small  signal  gain  as  high  as  0.06 
cm“^  has  been  observed  for  A  =  172  (oa. 

The  rf  field  causes  a  considerable  loss  of  gain  in  that  part  of  the  crystal  which  is  situated  in  between  the  modulation 
electrodes,  i.e.  in  20%  of  the  overall  length  of  the  active  medium.  The  larger  roundtrip  gain  under  active  mode 
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locking  conditions  clearly  shows  that  the  optical  pulse  does  experience  a  substantial  larger  gain  in  the  unmodulated 
part  of  the  crystal  than  the  qucisi  CW  small  signal  gain  as  observed  for  normal  pulsed  operation.  That  suggests  that 
the  lifetime  of  the  induced  population  inversion  in  that  part  of  the  crystal  is  a  non-negligible  fraction  of  the  1.3  ns 
cavity  round  trip  time.  This  conclusion  is  corroborated  by  the  observation  that,  under  otherwise  equal  conditions, 
without  the  rf  modulation  applied,  the  small  signal  gain  in  the  Ccise  of  self  mode  locked  operation  can  be  nearly  twice 
as  large. ^ 

Under  saturated  gain  conditions,  a  train  of  constant  amplitude,  narrow  pulses  is  observed,  see  Fig.  12.  The  wiggles  in 
the  tail  of  the  pulses  are  the  result  of  internal  reflections  in  the  detector  unit,  due  to  a  slight  impedance  mismatch.  In 
the  low  field  region,  the  minimum  width  of  these  pulses  is  found  to  be  about  100  ps  FWHM.  The  electronic  risetime 
of  the  detection  system  -  Schottky  diode,  bias-T  and  amplifiers  -  has  been  determined  to  be  about  100  ps.  It  is 
therefore  conceivable  that  the  actual  minimum  width  of  the  pulses  may  even  be  shorter.  In  the  high  field  regime,  up 
till  now,  a  minimum  pulse  width  of  140  ps  has  been  measured,  using  a  different  Schottky  diode  detector. 


Figure  11.  Single  shot  laser  output  for  A  «  172  /<m  Figure  12.  Pulse  train  in  saturated  gain  region  for 
in  the  early  start  of  laser  action.  A  w  172  fim 

It  must  be  noted  that  the  mode  locked  pulses  depicted  in  Fig.’s  11  and  12  represent  ’’best  typical”  results.  Be¬ 
cause  of  the  variation  of  emission  wavelengths  during  laser  action,  the  duration  of  stationary  mode  locking  is  rather 
limited.  Consider  for  instance  the  yet  best  studied  region  near  A  w  172  /im.  Similar  as  for  long  pulsed  operation, 
also  under  active  gain  modulation,  the  laser  action  in  the  177-182  fim  region  is  delayed  with  respect  to  that  in  the 
172  /im  region.  The  much  smaller  gain  at  these  wavelengths  is  lowered  even  more  by  the  disturbing  effect  of  the  rf 
modulation  field.  As  a  consequence,  no  genuine  mode  locking  is  observed  for  that  wavelength  region.  Only  a  low 
intensity  amplitude  modulated  output  is  seen,  without  the  above  described  clear  mode  locking  characteristics.  As 
a  result  from  the  additional  lowering  of  the  gain  in  the  long  wavelength  region  due  to  the  modulation  field  ,  proper 
mode  locked  action  at  172  /im  is  sustained  longer  than  would  be  expected  from  the  time  resolved  experiments  under 
long  pulsed  operation.  Nevertheless,  the  duration  of  a  properly  behaving  pulse  train  is  only  of  the  order  of  a  few 
hundred  nanoseconds. 

In  the  high  field  region,  similar  effects  occur.  However,  due  to  the  even  more  complicated  time  dependence  of  the 
emission  frequencies,  the  creation  of  a  well  behaving  pulse  train  is  more  difficult. 
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4.  CONCLUSION 

The  results  of  a  time-  and  wavelength  resolved  study  of  the  optical  output  of  the  pulsed  and  mode  locked  p-Ge  hot 
hole  laser,  emitting  in  the  THz  range,  have  been  reported.  The  system  is  able  to  produce  trains  of  100  ps  FWHM 
pulses,  but  the  time  dependent  variation  of  the  emission  wavelength  during  the  laser  excitation,  still  causes  problems. 
Moreover,  a  faster  detection  technique  should  be  employed  to  measure  the  actual  width  of  the  mode  locked  pulses. 
The  introduction  of  a  mesh  outcoupler  has  lead  to  a  number  of  improvements.  Because  now  the  central  part  of  the 
cavity  is  monitored,  the  optical  output  has  increased.  The  experimental  results  show  clearly  that  in  the  center  of  the 
cavity  the  optical  gain  is  much  higher,  leading  to  an  increase  of  the  E-B  region  for  which  laser  action  occurs.  The 
delay  of  laser  action  after  the  start  of  the  HV  excitation  pulse  has  diminished,  the  small  signal  gain  is  larger,  and 
laser  action  is  sustained  for  a  longer  time.  Although  the  mesh  introduces  a  wavelength  dependent  cavity  roundtrip 
losses,  strongly  modulated  by  etalon  effects,  the  emission  remains  very  broad  band. 
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ABSTRACT 

The  state-of-the-art  radio  frequency  (RF)  power  levels  at 
millimeter-  and  submillimeter-wave  frequencies  as  well  as 
the  low-noise  properties  make  GaAs  tunnel  injection  tran¬ 
sit-time  (TUNNETT)  diodes  and  InP  Gunn  devices  prime 
candidates  for  fundamental  solid-state  terahertz  oscillators. 
As  examples,  RF  power  levels  of  >  130  mW  at  132  GHz, 
>80mW  at  152  GHz,  and  >  1  mW  at  315  GHz  were 
measured  with  InP  Gunn  devices,  whereas  RF  power  levels 
of  100  mW  at  107  GHz  and  >  10  mW  at  202  GHz  were 
measured  with  GaAs  TUNNETT  diodes.  These  experi¬ 
mental  results  as  well  as  performance  predictions  for  these 
devices  at  terahertz  frequencies  are  reviewed  and  com¬ 
pared  with  the  potential  and  the  capabilities  of  other  two- 
terminal  devices  such  as  impact  avalanche  transit-time 
(IMP ATT)  diodes  and  resonant-tunneling  diodes  (RTDs). 
The  paper  also  summarizes  advances  in  fabrication  tech¬ 
nologies  as  well  as  the  application  of  more  recent  device 
principles  and  power-combining  schemes. 

Keywords:  Gunn  devices,  millimeter-wave  devices,  milli¬ 
meter-wave  generation,  millimeter-wave  oscillators,  oscil¬ 
lator  noise,  phase  noise,  submillimeter-wave  devices,  sub¬ 
millimeter-wave  generation,  submillimeter-wave  oscilla¬ 
tors,  transit-time  diodes. 

1.  INTRODUCTION 

Reliable  and  compact  radio  frequency  (RF)  sources  with 
low  direct  current  (dc)  power  consumption  are  needed  as  a 
key  component  in  rapidly  emerging  applications  at  submil- 
limeter-wave  frequencies  such  as  upper  atmospheric  im¬ 
agery,  remote  sensing,  array  receivers  in  radio  astronomy, 
high-resolution  near-object  analysis,  and  ultra  wide  band¬ 
width  intersatellite  communications.  Several  types  of  solid- 
state  devices  are  good  candidates  for  these  applications  [1] 
as  their  power  generation  capabilities  were  demonstrated 
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already  at  high  millimeter-wave  frequencies  and  beyond. 
The  practical  application  of  more  recent  as  well  as  more 
“classical”  principles  [2],  [3],  [4]  resulted  in  major  ad¬ 
vances  of  the  device  performance,  which  have  also  been 
enabled  by  materials  of  superior  properties  or  quality  as 
well  as  much  improved  processing  technologies. 

Rapid  advances  in  the  upper  frequency  limits  [5]-[10]  and 
RF  power  levels  of  three-terminal  devices  in  amplifiers 
[11]  as  well  as  their  ever-increasing  use  in  systems  appli¬ 
cations  are  being  reported  up  to  millimeter-wave  frequen¬ 
cies.  Nonetheless,  there  have  been  a  few  practical  demon¬ 
strations  of  fundamental  oscillators  with  three-terminal 
devices  above  100  GHz,  and,  in  addition,  only  low  RF 
power  levels  of  much  less  than  1  mW  were  reported  [12], 
[13].  Two  representatives  of  two-terminal  devices,  i.e., 
Gunn  or  transferred-electron  devices  (TEDs)  and  impact 
avalanche  transit-time  (IMP ATT)  diodes,  are  operated  at 
higher  oscillation  frequencies  than  three-terminal  devices 
and,  together  with  vacuum  tubes,  still  play  quite  an  impor¬ 
tant  role  in  systems  applications. 

This  paper  reviews  the  basic  characteristics  of  different 
two-terminal  devices  as  well  as  various  approaches  to  con¬ 
tinuous  (CW)  RF  power  generation  at  submillimeter-wave 
frequencies.  It  compares  recent  experimental  results  from 
InP  Gunn  devices  and  GaAs  tunnel  injection  transit-time 
(TUNNETT)  diodes  above  100  GHz  with  performance 
predictions.  The  properties  and  capabilities  of  other  poten¬ 
tial  candidates  for  solid-state  fundamental  sources,  such  as 
resonant-tunneling  diodes  (RTDs)  and  impact  avalanche 
transit-time  (IMP ATT)  diodes,  are  discussed  with  respect 
to  the  performance  of  TUNNETT  diodes  and  Gunn  de¬ 
vices. 


2.  TECHNOLOGY  ISSUES 

Generally,  dc-to-RF  conversion  efficiencies  decrease  with 
frequency  and,  at  high  millimeter-wave  frequencies,  rarely 
exceed  10%  [1].  Therefore,  most  of  the  dc  input  power 
needs  to  be  dissipated  as  heat,  and  proper  heat  management 
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becomes  as  crucial  a  technological  issue  as  appropriate 
low-loss  circuits  for  extraction  of  the  highest  RF  power 
levels  from  these  devices.  Selective  etching  technologies 
[1].  [14]  yield  substrateless  devices  with  low  thermal  re¬ 
sistances,  particularly  on  diamond  heat  sinks,  but  also  help 
minimize  the  skin-effect  resistance  as  much  as  possible. 
These  technologies  enabled  the  recent  experimental  results 
above  100  GHz  with  state-of-the-art  performance  from  Si 
IMPATT  [15],  GaAs  IMPATT  [14],  [16]  and  GaAs 
TUNNETT  [14],  [17],  [18]  diodes  as  well  as  InP  Gunn 
devices  [14],  [19],  [20],  the  properties  of  which  are  dis¬ 
cussed  in  subsequent  sections.  The  use  of  diamond  heat 
sinks  or  heat  spreaders  becomes  mandatory  when  the  high¬ 
est  RF  power  levels  at  millimeter-  and  submillimeter-wave 
frequencies  need  to  be  generated  with  these  devices  [1], 
[14]. 


3.  RTDS  AND  OTHER  QUANTUM-WELL 
DEVICES 

Resonant  tunneling  through  discrete  energy  levels  of  a  so- 
called  quantum  well  was  first  demonstrated  in  1974  [4]. 
However,  only  after  major  advances  in  growth  techniques, 
such  as  molecular  beam  epitaxy  (MBE)  or  metalorganic 
chemical  vapor  deposition  (MOCVD),  in  the  1980s  were 
device  structures  suitable  for  oscillators  grown  and  evalu¬ 
ated.  As  can  be  seen  from  Fig.  1,  RTDs  in  the  InAs/AlSb 
material  system  yielded  the  highest  oscillation  frequency  of 
any  fundamental  solid-state  RF  source  [21],  [22],  but  RF 
power  levels  of,  for  example,  3  pW  at  360  GHz  and 
0.3  pW  at  712  GHz  are  low  [22].  This  makes  it  very  diffi¬ 
cult  to  employ  standard  phase-locking  techniques  either  for 
frequency  stabilization  or  in  systems  applications  where  the 
exact  oscillation  frequency  must  be  known  or  be  tied  to  a 
very  accurate  reference  frequency.  The  negative  differen¬ 
tial  resistance  that  is  present  in  RTDs  from  dc  to  the  high¬ 
est  oscillation  frequencies  causes  RF  sources  with  RTDs 
from  any  semiconductor  material  system  to  be  prone  to 
severe  instabilities  or  bias  oscillations  and  ultimately  limits 
their  RF  power  generating  capabilities.  Monolithic  integra¬ 
tion  [23]  and  power  combining  [23],  [24]  was  shown  to 
alleviate  some  of  these  problems.  Although  an  example  of 
an  RTD-based  local  oscillator  (LO)  for  a  receiver  system 
was  demonstrated  [25],  problems  associated  with  RTDs 
have  so  far  prevented  their  use  in  systems  applications. 
Present  measurement  equipment  offers  only  limited  sensi¬ 
tivity,  which  degrades  significantly  at  submillimeter-wave 
frequencies.  Therefore,  the  low  RF  power  levels  from 
RTDs  also  severely  restrict  how  accurately  important  os¬ 
cillator  characteristics  such  as  free-running  oscillator  spec¬ 
tra  and  oscillation  frequency  vs.  temperature  or  dc  bias, 
can  be  determined. 


A  record  dc-to-RF  conversion  efficiency  of  50%  at  a  mi¬ 
crowave  frequency  of  2  GHz  for  an  RF  output  power  of 
20  mW  [26]  was  reported  from  a  quantum  well  injection 
transit-time  (QWITT)  diode,  which,  in  this  case,  basically 
was  an  RTD  with  a  very  short  adjacent  drift  region.  In 
contrast  and  shown  in  Fig.  1,  dc-to-RF  conversion  efficien¬ 
cies  of  RTDs  at  millimeter-  and  submillimeter-wave  fre¬ 
quencies  fall  well  below  1%  and  may  indicate  inferior  im¬ 
pedance  matching  and/or  significant  losses  from  series 
resistances  in  ohmic  contacts  and  circuit. 


Frequency  [GHz] 

Fig.  1.  Published  state-of-the  art  results  from  RTDs  and 
SLEDs  in  the  30-1000  GHz  frequency  range.  Numbers 
next  to  the  symbols  denote  dc-to-RF  conversion  efficien¬ 
cies  in  percent,  where  applicable. 

More  recently,  superlattice  electronic  devices  (SLEDs) 
were  demonstrated  as  millimeter-wave  oscillators  [27]- 
[30].  Except  for  a  quasi-planar  circuit  in  a  WR-15/WR-6 
waveguide  combination  [27],  the  devices  were  not 
mounted  in  a  resonant  cavity,  but  quasi-planar  structures 
were  contacted  with  different  ground-signal  or  ground- 
signal-ground  (GSG)  probes  for  V-band  (50-75  GHz)  or 
W-band  (75-110  GHz)  [28]-[30].  As  an  example,  the  setup 
with  a  GSG  probe  for  IV-band  is  illustrated  in  Fig.  2  [30]. 
Recorded  spectra  of  these  SLEDs  in  free-running  oscilla¬ 
tors  are  not  as  clean  as,  for  example,  those  of  Gunn  devices 
in  free-running  oscillators,  but  quite  narrow-band  for  a 
nonresonant  circuit  or  for  very  low  quality  factors  Q.  and 
this  feature  points  to  inherent  device  properties  such  as  the 
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so-called  Bloch  oscillations.  Reported  RF  power  levels 
(and  corresponding  dc-to-RF  conversion  efficiencies), 
which  are  included  in  Fig.  1,  were  0.4  mW  (1%)  at  the 
fundamental  frequency  of  56  GHz,  and  40  pW  (0.1%)  at 
the  second-harmonic  frequency  of  112  GHz  from  the 
quasi-planar  circuit  configuration  in  a  waveguide  [27]  as 
well  as  0.5  mW  at  103  GHz  (0.3%)  as  measured  with  the 
GSG  probe  and  a  spectrum  analyzer  [30].  The  length  of  the 
active  region  ranges  approximately  from  0.44  pm  to 
0.64  pm  in  these  SLEDs,  and,  therefore,  the  higher  oscilla¬ 
tion  frequency  of  103  GHz  is  attributed  to  much  narrower 
barriers  of  the  quantum  wells,  which  are  only  two  mono- 
layers  of  AlAs  thick  and  cause  a  larger  miniband  width  of 
120  meV  [30]. 


Fig.  2.  Experimental  setup  for  evaluation  of  SLEDs  at  W- 
band  frequencies.  After  E.  Schomburg  et  al.  [30]. 

At  comparable  dc-to-JlF  conversion  efficiencies,  RF  power 
levels  from  SLEDs  are  higher  than  those  from  RTDs, 
whereas  they  are  still  much  lower  than  those  from 
IMP  ATT  and  TUNNETT  diodes  as  well  Gunn  devices  at 
the  same  frequencies.  These  RF  power  levels  Prf  were 
measured  with  two-terminal  devices  of  quite  different  de¬ 
vice  areas  A.  Therefore,  the  RF  power  density 
(=  PrfM)  provides  a  fairer  comparison  of  the  power  gener¬ 
ating  capabilities  of  various  two-terminal  devices  and 
should  be  considered  analogous  to  the  performance  com¬ 
parisons  quoted  as  RF  power  per  gate  length  for  three- 
terminal  devices  such  as  field-effect  transistors  (FETs)  or 
high  electron  mobility  transistors  (HEMTs).  Fig.  3  shows 
as  derived  from  published  state-of-the-art-results  and 
device  areas  in  the  30-1000  GHz  frequency  range  for  de¬ 
vice  types  that,  so  far,  have  yielded  measurable  RF  power 
levels  above  200  GHz.  As  a  result  of  high  bias  current  den¬ 
sities  and  high  dc-to-RF  conversion  efficiencies  in 
IMPATT  diodes,  is  by  far  the  highest  in  Si  and  GaAs 
IMPATT  diodes  and  exceeds  that  of  RTDs,  but  also 
SLEDs,  by  typically  more  than  two  orders  of  magnitude  up 
to  D-band  (110-170  GHz)  frequencies.  In  addition,  of 
GaAs  TUNNETT  diodes  and  Gunn  devices  exceeds  that  of 
RTDs  and  SLEDs  up  to  the  highest  oscillation  frequencies 
as  well.  of  SLEDs  from  the  GaAs/AlAs  material  sys¬ 
tem  is  only  higher  than  that  of  RTDs  from  the  same  mate¬ 
rial  system,  but,  quite  importantly,  SLEDs  are  not  associ¬ 


ated  with  the  same  severe  restrictions  [1],  [14]  that  bias 
instabilities  impose  on  device  areas  and,  consequently,  RF 
power  generation  capabilities  of  RTDs.  As  a  consequence, 
higher  RF  power  levels  can  be  expected  from  SLEDs  with 
larger  areas  in  appropriate  millimeter-wave  circuits  that 
match  the  accordingly  lower  device  impedance  levels  to 
the  RF  load.  Furthermore,  the  experimental  result  at 
103  GHz  [30]  indicates  the  potential  of  reaching  higher 
oscillation  frequencies  with  SLEDs  than  with  GaAs  Gunn 
devices. 


Frequency  [GHz] 

Fig.  3.  RF  power  densities  in  two-terminal  devices  as  de¬ 
rived  from  published  state-of-the  art  results  (Ranges  given 
for  InP  Gunn  devices  and  GaAs  TUNNETT  diodes  due  to 
uncertainties  in  device  areas,  lines  between  data  points  are 
only  as  a  guide  to  the  eye). 

4.  TRANSIT-TIME  DIODES 

Si  IMPATT  diodes  were  the  first  semiconductor  devices  to 
generate  RF  power  above  300  GHz  and,  as  shown  in  Fig.  4 
(and  in  conjunction  with  Fig.  1  and  Fig.  6),  yielded  the 
highest  RF  power  levels  from  any  solid-state  fundamental 
RF  source  up  to  300  GHz.  Exemplary  RF  power  levels 
(and  corresponding  dc-to-RF  conversion  efficiencies)  of 
50  mW  (1.3%)  at  202  GHz  [31],  44  mW  (1.2%)  at 
214  GHz  [31],  50  mW  (<2%)  at  217  GHz  [32],  [33], 
50  mW  (<1%)  at  245  GHz  [33],  12  mW  (<0.5%)  at 
255  GHz  [33],  7.5  mW  (0.35%)  at  285  GHz  [34],  1.2  mW 
(<  0.05%)  at  301  GHz  [31],  and  0.2  mW  at  361  GHz  [34] 
were  measured  at  very  high  operating  junction  tempera- 
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tures  of  typically  more  than  300  °C  with  waveguide  circuits 
at  room  temperature  [32].  Higher  RF  power  levels  and 
oscillation  frequencies  were  attained  by  cooling  the  heat 
sink  of  the  diode  and  the  waveguide  circuit  to  77  K  (liquid 
nitrogen)  and  4.5  mW  (0.13%)  at  295  GHz,  2.2  mW 
(0.047%)  at  412  GHz  were  reported  [35]. 


Frequency  [GHz] 

Fig.  4.  Published  state-of-the-art  results  from  Si  and  GaAs 
transit-time  diodes  under  CW  operation  in  the  frequency 
range  of  30-400  GHz.  Numbers  next  to  the  symbols  denote 
dc-to-RF  conversion  efficiencies  in  percent. 

Impact  ionization  as  the  carrier  generation  mechanism  in 
IMP  ATT  diodes  creates  more  significant  contributions  to 
the  noise  than,  for  example,  the  mainly  thermal  noise  in  the 
domain  formation  process  of  Gunn  devices  [1],  [2].  There¬ 
fore,  IMP  ATT  diodes  are  generally  considered  quite  noisy 
although  techniques  are  known  how  to  minimize  the  noise 
contribution  from  impact  ionization  at  the  price  of  typically 
lower  dc-to-RF  conversion  efficiencies  [1],  [2].  The  noise 
properties  of  IMP  ATT  diodes  restrict  their  use  as  LO 
sources  to  either  receiver  applications  where  the  highest 
sensitivity  is  not  the  primary  concern  or  sensitive  low-noise 
receivers  in  which  the  noise  cancellation  effect  of  subhar- 
monically  pumped  mixers  with  well-balanced  Schottky 
diodes  is  utilized  [36]. 

TUNNETT  diodes  are  based  on  a  fast  and  quiet  primary 
carrier  injection  mechanism  [1],  [2],  which  makes  them 
another  prime  candidate  for  RF  generation  at  high  milli¬ 


meter-wave  and  submillimeter-wave  frequencies.  RF 
power  levels  of  100  ±  5  mW  and  corresponding  dc-to-RF 
conversion  efficiencies  of  around  6%  were  measured  with 
single-drift  GaAs  TUNNETT  diodes  in  the  fundamental 
mode  at  oscillation  frequencies  of  100-107  GHz  [14], 
[17].  Excellent  agreement  was  found  between  these  ex¬ 
perimental  results  and  predictions  [37]  from  simulation 
programs  that  employ  an  “equivalent”  two-valley  model 
for  the  conduction  band  in  GaAs  and  solve  the  energy- 
momentum  equations  for  electrons  as  well  as  the  drift- 
diffusion  equations  for  holes  [38].  The  same  simulation 
programs  also  predicted  that  RF  power  levels  on  the  order 
of  10  mW  can  be  generated  in  the  240-280  GHz  frequency 
range  with  GaAs  single-drift  TUNNETT  diodes  in  the  fun¬ 
damental  mode  [38].  However,  they  also  revealed  that  ex¬ 
cellent  ohmic  contacts  and  low-loss  circuits  at  these  high- 
nnillimeter  and  submillimeter-wave  frequencies  are  a  pri¬ 
mary  prerequisite  [38]. 

Power  extraction  at  higher  harmonic  frequencies  was  in¬ 
vestigated  with  Si  [31],  [39]  and  GaAs  [40],  [41]  IMP  ATT 
diodes  as  well  as  GaAs  TUNNETT  diodes  [14]  [18].  Di¬ 
ode  structures  and  properties  suggest  operation  in  second- 
or  even  third-harmonic  mode  for  some  of  the  aforemen¬ 
tioned  state-of-the-art  results  from  Si  IMPATT  diodes 
above  200  GHz.  As  an  example,  the  RF  power  of  1.2  mW 
at  301  GHz  was  thought  to  be  generated  at  the  third  har¬ 
monic  frequency  [31].  However,  for  many  other  results  at 
these  high  millimeter-wave  frequencies  no  attempts  to  de¬ 
termine  the  exact  mode  of  operation  were  reported. 

Aforementioned  GaAs  TUNNETT  diodes  on  diamond  heat 
sinks  were  operated  in  a  second-harmonic  mode  up  to 
237  GHz  and  yielded  RF  power  levels  exceeding  10  mW  at 
202  GHz,  9  mW  around  210  GHz,  and  4  mW  around 
235  GHz  [18].  These  power  levels  correspond  to  dc-to-RF 
conversion  efficiencies  around  1%  at  202  GHz  and 
210  GHz  as  well  as  above  0.6%  around  235  GHz  [18]. 
Simulations  using  the  same  aforementioned  two-valley 
energy-momentum  programs  revealed  a  mode  of  operation 
with  a  large  modulation  of  the  depletion  region  akin  to  that 
in  high-performance  varactor  diodes.  This  mode  of  opera¬ 
tion  also  explains  the  high  up-conversion  efficiencies, 
which  exceeded  20%  for  the  best  results  at  202  GHz, 
210  GHz,  and  235  GHz.  Since  this  mode  of  operation  ex¬ 
hibits  its  performance  peak  in  these  diodes  below  the 
maximum  permissible  bias  current  density  [18],  higher  RF 
power  levels  and  higher  operating  frequencies  can  be  ex¬ 
pected  from  TUNNETT  diodes  with  shorter  active  regions 
and  doping  concentrations  appropriate  for  higher  current 
densities.  The  measured  RF  power  levels  and,  particularly, 
conversion  efficiencies  of  these  TUNNETT  diodes  in  a 
second-harmonic  mode  are  comparable  to  those  obtained 
from  frequency  multipliers  where,  for  example,  Schottky- 
barrier  varactor  diodes  are  driven  by  Gunn  devices  [42], 
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[43].  Fig.  5  compares  these  results  from  various  frequency 
multipliers  in  the  100-1000  GHz  frequency  range  with 
select  results  from  GaAs  TUNNETT  diodes,  InP  Gunn 
devices  and  RTDs. 


Frequency  [GHzgi 

Fig.  5.  Published  state-of-the-art  results  from  frequency 
multipliers  with  GaAs  Schottky-barrier  or  InP-based  het- 
erojunction-barrier  varactor  diodes  in  the  100-1000  GHz 
frequency  range  in  comparison  with  published  state-of-the- 
art  results  from  GaAs  TUNNETT  diodes,  InP  Gunn  de¬ 
vices,  and  RTDs  above  200  GHz. 

Spectra  were  recorded  from  all  TUNNETT  diodes  when 
they  were  operated  as  free-running  oscillators  at  bias  cur¬ 
rents  with  significant  RF  power  levels.  They  appeared  to 
be  very  clean,  and,  as  an  example,  an  uncorrected  phase 
noise  of  -94  dBc/Hz  was  determined  at  500  kHz  off  the 
oscillation  fi-equency  of  209.377  GHz  and  at  an  RF  power 
of  9  mW  [18].  This  phase  noise  correctly  reflects  values  of 
well  below  -94  dBc/Hz  in  the  fundamental  mode  at  IV- 
band  frequencies  [17],  [14].  Since  the  phase  noise  is  at  the 
noise  floor  of  the  employed  spectrum  analyzer  with  a  har¬ 
monic  mixer,  the  corrected  phase  noise  is  estimated  to  be 
well  below  -98  dBc/Hz.  TUNNETT  diodes  also  yielded 
the  lowest  small-signal  frequency-modulation  (FM)  noise 
measure  reported  from  any  oseillator  with  a  two-terminal 
device  [1],  [14]. 

Contrary  to  preliminary  results  from  GaAs  TUNNETT 
diodes  [14],  [17],  a  very  preliminary  study  of  the  properties 
of  single-drift  GaAs  IMPATT  diodes  in  a  second-harmonic 
mode  found  that  the  measured  spectra  of  fi:ee-running  os¬ 
cillators  with  these  diodes  [44]  were  clearly  not  as  clean  as 
those  of  free-running  oscillators  with  TUNNETT  diodes 
(or  Gunn  devices).  This  result  was  indeed  expected  from 


approximately  7-8  dB  higher  values  of  the  small-signal 
FM  noise  measure  and  at  least  6  dB  higher  values  of  the 
large-signal  FM  noise  measure  of  GaAs  single-drift 
IMPATT  diodes  in  the  fundamental  mode  at  W-band  fre¬ 
quencies  [1],  [14].  Furthermore,  dc-to-RF  conversion  effi¬ 
ciencies  of,  for  example,  0.04%  at  194  GHz  [44],  were 
inferior  to  those  of  the  TUNNETT  diodes  in  a  similar  cir¬ 
cuit  configuration  [14],  [18]. 


5.  TEDS 

Despite  the  rapid  progress  in  three-terminal  devices,  TEDs 
still  play  a  nearly  indispensable  role  in  transmitter  applica¬ 
tions  or  as  low-noise  local  oscillators  (LO)  at  millimeter- 
wave  and  submillimeter-wave  frequencies,  especially  if 
electronic  tubes  or  relatively  bulky  gas  lasers  need  to  be 
avoided.  The  typical  configuration  of  an  all  solid-state  LO 
source  at  submillimeter-wave  frequencies  eonsists  of  an 
oscillator  with  a  GaAs  or  InP  Gunn  device  at  a  medium 
millimeter-wave  frequency  of  60-150  GHz,  which  drives 
one  or  more  stages  of  frequency  multipliers  with  Sehottky- 
barrier  varactor  diodes  [36],  [42],  [43]  or,  more  recently, 
heterojunction-barrier  varactor  diodes  [45],  [46].  The 
transferred-electron  effect  in  Gunn  devices  depends  only 
on  bulk  semiconductor  material  properties,  i.e.,  the  pres¬ 
ence  of  at  least  two  suitable  energy  minima  in  the  conduc¬ 
tion  band,  and  more  than  ten  semiconductor  materials  in 
the  in-V  and  E-VI  groups  are  known  to  exhibit  such  char¬ 
acteristics  [2],  [47],  [48].  However,  so  far,  only  GaAs  and 
InP  have  been  exploited  in  commercially  available  devices 
for  systems  applications. 

Favorable  material  parameters  of  InP,  for  example,  include 
a  higher  thermal  conductivity,  a  higher  effective  transit 
velocity,  and,  most  importantly,  much  shorter  energy  re¬ 
laxation  and  acceleration  and  deceleration  times  [47]-[52]. 
Relaxation  times  impose  fundamental  physical  limits  on 
the  maximum  operating  frequencies  of  TEDs  with  short 
active  regions,  and  these  frequency  limits  have  long  been 
thought  to  be  in  the  range  of  100-130  GHz  in  GaAs  and 
200-230  GHz  in  InP  [50]-[54].  The  difference  in  the  fun¬ 
damental  frequency  limits  is  evident  fi-om  Fig.  6  where  a 
significant  roll-off  in  the  performance  of  GaAs  Gunn  de¬ 
vices  occurs  at  around  80  GHz,  whereas  it  sets  in  at  least  at 
twice  this  frequency  for  InP  Gunn  devices.  The  inherent 
material  properties  permit  InP  Gunn  devices  to  reach 
higher  operating  frequencies  and  generate  higher  RF  power 
levels  [14],  [47],  [51],  [55].  Therefore,  this  section  mainly 
concentrates  on  the  properties  and  characteristics  of  milli¬ 
meter-  and  submillimeter-wave  oscillators  with  InP  Gunn 
devices. 

InP  TEDs  with  n"n^  layer  structures  and  a  current-limiting 
contaet  at  the  cathode  side  of  the  active  region  yielded  the 
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highest  dc-to-RF  conversion  at  low  to  medium  millimeter- 
wave  frequencies  and  excellent  performance  up  to  D-band 
frequencies.  Examples  of  RF  power  levels  (and  corre¬ 
sponding  conversion  efficiencies)  are  380  mW  at  57  GHz 
(10.6%)  in  the  fundamental  mode  [52]  as  well  as  175  mW 
(7%)  at  94  GHz,  85  mW  (3.8%)  at  125  GHz,  and  65  mW 
(2.6%)  at  138  GHz  in  a  second-harmonic  mode  [56],  [57], 

The  highest  RF  power  levels  from  any  Gunn  device  above 
100  GHz  were  achieved  with  deviees  that  had  an  n'^n‘‘n'*' 
layer  structure  as  well  as  a  graded  doping  profile  in  the 
active  region  and  were  mounted  on  diamond  heat  sinks 
[14],  [19],  [47].  Operation  in  the  fundamental  mode  was 
observed  up  to  165  GHz.  As  examples,  RF  power  levels 
(and  corresponding  dc-to-RF  conversion  efficiencies)  ex¬ 
ceeded  200  mW  (2.6%)  at  103  GHz,  [47],  [49],  [58] 
130  mW  (2.2%)  at  132  GHz,  80  mW  (1.4%)  at  152  GHz, 
and  30  mW  at  162  GHz  [14],  [47],  [58].  These  RF  power 
levels  are  the  highest  reported  to  date  from  any  Gunn  de¬ 
vice  and,  together  with  an  excellent  noise  performance  (to 
be  discussed  next),  make  InP  Gunn  devices  ideally  suited 
for  driving  high-performance  Schottky  diode  frequency 
multipliers  in  sensitive  terahertz  receivers. 


Fig.  6.  Published  state-of-the-art  results  from  GaAs  and 
InP  Gunn  devices  under  CW  operation  in  the  frequency 
range  of  30-400  GHz.  Numbers  next  to  the  symbols  denote 
dc-to-RF  conversion  efficiencies  in  percent. 


Uncorrected  phase  noise  levels  of  less  than  -1 10  dBc/Hz  at 
103  GHz  and  180  mW  [58],  less  than  -105  dB c/Hz  at 
132  GHz  and  120  mW  [19]  as  well  as  less  than 
-100  dBc/Hz  at  151  GHz  and  58  mW  [19]  were  all  meas¬ 
ured  at  an  off-carrier  frequency  of  500  kHz  and  reflect  the 
excellent  low-noise  properties  of  InP  Gunn  devices  in  free- 
running  oscillators.  They  are  typically  near  the  noise  floor 
of  the  employed  spectrum  analyzer  with  a  harmonic  mixer, 
and,  therefore,  corrected  values  are  estimated  to  be  at  least 
3-5  dB  lower.  They  correspond  to  excellent  values  of  the 
large-signal  FM  noise  measure  of  20-23  dB  in  the  95- 
155  GHz  frequency  range  [1],  [14].  Some  devices  with  a 
current-limiting  contact  are  known  to  have  higher  flicker- 
noise  components  in  the  spectra  of  free-running  oscillators, 
which,  in  most  cases  however,  are  sufficiently  suppressed 
by  a  phase-locked  loop  for  frequency  stabilization. 

Operation  in  a  second-harmonic  mode  somewhat  over¬ 
comes  the  inherent  fundamental  frequency  limit  in  Gunn 
devices,  and  RF  power  levels  of  more  than  3.5  mW  at 
214  GHz,  more  than  2  mW  around  220  GHz  as  well  as 
more  than  1  mW  up  to  315  GHz  were  measured  in  this 
mode  of  operation  [20],  [58].  The  RF  power  levels  above 
300  GHz  are  the  highest  reported  to  date  from  any  solid- 
state  fundamental  RF  source  and,  as  shown  in  Fig.  5,  they 
approach  those  from  frequency  multipliers  [42].  These  RF 
power  levels  even  exceed  early  performance  predictions 
[51],  [54],  but  the  results  of  more  recent  simulations  indi¬ 
cate  that  significant  increases  in  RF  power  levels  can  be 
expected  from  more  optimized  device  structures  and  cir¬ 
cuits  up  to  at  least  320  GHz  [59],  [60].  Fig.  7  compares  the 
experimental  results  in  the  fundamental  mode  as  well  as 
those  in  a  second-harmonic  mode  with  these  recent  predic¬ 
tions  from  detailed  simulations  [60]  that  employed  a  Monte 
Carlo-based  harmonic  balance  technique  [59].  Monte- 
Carlo  simulations  were  originally  used  in  the  design  of  the 
D-band  structures  [61]  and  showed  good  agreement  be¬ 
tween  performance  predictions  and  measured  results  [59], 
[62].  Various  device  structures,  which  were  designed  for 
operation  in  a  second-harmonic  mode  in  the  200-310  GHz 
frequency  range  and  had  a  doping  gradient  in  the  active 
region  as  shown  schematically  in  the  inset  of  Fig.  7,  were 
investigated  [60]. 

The  measured  RF  power  levels  in  the  fundamental  mode  at 
D-band  frequencies  and  the  predicted  RF  power  levels  for 
operation  in  a  second-harmonic  mode  at  J-band  (220- 
325  GHz)  frequencies  follow  a  clear  Vf s  roll-off.  This 
trend  evidently  shows  that  substantial  performance  improve¬ 
ments  can  be  expeeted  from  optimized  device  structures 
and  waveguide  circuits  at  y-band  frequencies.  This  trend 
may  also  indicate  that  the  transferred-electron  effect  in  InP 
could  be  utilized  even  above  320  GHz  and  possibly  up  to 
400  GHz  with  devices  operating  in  a  second-  or  third- 
harmonic  mode.  In  addition,  the  experimental  results  from 
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InP  Gunn  devices  above  220  GHz,  but  also  recent  results 
from  GaAs  Gunn  devices  in  the  fundamental  mode  at  W- 
band  frequencies  [63],  imply  that  the  derivations  of  funda¬ 
mental  physical  frequency  limits  for  the  transferred- 
electron  effect  in  InP  and  GaAs  should  be  revisited  and  re¬ 
investigated  in  greater  detail. 
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than  80%  at  106  GHz  and  136  GHz  [49]  as  well  as  more 
than  100%  at  152  GHz  [49],  [58]. 

Spatial  power  combining  of  nine  InP  Gunn  devices  in  an 
overmoded  waveguide  resonator  resulted  in  the  RF  output 
power  of  1.5  W  at  61.4  GHz  with  a  corresponding  com¬ 
bining  efficiency  of  83%  [66],  [67].  Promising  preliminary 
results  at  W-band  frequencies  in  an  appropriately  scaled 
configuration  with  RF  power  levels  around  450  mW  and 
combining  efficiencies  around  52%  at  98.8  GHz  were  also 
reported  [67]. 

The  number  of  oscillators  is  often  limited  in  such  ap¬ 
proaches  to  power  combining,  but  a  novel  principle  in 
quasi-optical  power-combining,  that  is,  holographic  power 
combining,  helps  overcome  these  limits.  The  advantages  of 
holographic  power  combining  are  high  combining  efficien¬ 
cies  and  no  fiindamental  limits  on  the  number  of  oscillators 
as  well  as  a  free  choice  of  oscillator  spacing  for  almost 
unrestricted  heat  dissipation  [68].  This  principle  was  ap¬ 
plied  to  the  power  combining  of  five  oscillators  with  GaAs 
Gunn  devices  in  a  linear  array  at  24  GHz  [68],  and,  cur¬ 
rently,  more  detailed  experiments  are  being  carried  out 
using  five  oscillators  with  Si  IMP  ATT  diodes  at  F-band 
frequencies  [69]  also  in  a  linear  array. 


Fig.  7.  Comparison  of  predicted  [59],  [60]  and  measured 
[20],  [14]  CW  RF  power  levels  from  InP  Gunn  devices 
with  an  n'^n'n'^  structure  and  a  doping  gradient  in  the  active 
region  as  shown  in  the  inset  for  the  100-320  GHz  fre¬ 
quency  range. 


6.  POWER  COMBINING 

Various  power-combining  techniques  relevant  to  RF  power 
generation  at  terahertz  frequencies  were  investigated  with 
most  of  the  two-terminal  devices  discussed  in  this  paper, 
such  as  RTDs  [23],  [24],  IMPATT  diodes  [33], 
TUNNETT  diodes  [14],  [17]  as  well  as  Gunn  devices  [14], 
[49],  [58],  and  approaches  to  power  combining  at  the  de¬ 
vice-  or  chip-level,  circuit-level  and  beyond  were  reviewed 
in  great  detail  elsewhere  [55],  [64],  [65]. 


Fig.  8.  Schematic  of  holographic  power  combining  at  mil¬ 
limeter-  and  submillimeter- wave  frequencies  [68],  [69]. 


7.  SUMMARY  AND  FUTURE  TRENDS 


Recent  experiments  are  based  on  somewhat  classical  ap¬ 
proaches  as  well  as  novel  principles.  Power  combing  of 
two  GaAs  TUNNETT  diodes  [14],  [17]  or  two  InP  Gunn 
devices  [14],  [49],  [58]  operating  in  the  fundamental  mode 
is  straightforward  in  a  simple  in-line  dual-cavity  waveguide 
configuration  and  typically  yields  combining  efficiencies 
above  80%.  It  increased  the  RF  power  levels  available 
from  InP  Gunn  devices  to  305  mW  at  106  GHz  in  IF-band 
[49],  130  mW  at  136  GHz  [49],  and  125  mW  at  152  GHz 
in  £)-band  [58]  with  typical  combining  efficiencies  of  more 


RF  power  generating  capabilities  of  several  two-terminal 
devices  were  reviewed  and  compared.  Compared  to  GaAs, 
InP  is  the  better  semiconductor  material  system  to  reach 
submillimeter-wave  frequencies  with  Gunn  devices.  Ex¬ 
perimental  results  from  both  GaAs  and  InP  Gunn  devices 
indicate  that  the  fundamental  frequency  limit  of  the  trans¬ 
ferred-electron  effect  may  be  higher  than  previously 
thought.  More  detailed  studies  are  necessary  to  determine 
the  ultimate  fundamental  frequency  limit,  i.e.,  if  InP  Gunn 
devices  are  capable  of  generating  significant  RF  power 
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levels  in  the  320-400  GHz  frequency  range.  Nonetheless, 
simulations  predict  that  substantial  performance  improve¬ 
ments  are  feasible  in  the  220-320  GHz  frequency  range, 
which  may  help  eliminate  one  or  two  stages  in  a  multiplier 
chain  to  reach  terahertz  frequencies. 

As  can  be  seen  from  the  published  results  in  Fig.  1,  Fig.  4, 
and  Fig.  6,  the  RF  power  levels  from  InP  Gunn  devices  on 
diamond  heat  sinks  are  the  highest  reported  to  date  from 
any  solid-state  fundamental  RF  source  operated  at  room 
temperature  and  for  frequencies  above  300  GHz.  Likewise, 
GaAs  TUNNETT  diodes  are  considered  the  second-most 
powerful  solid-state  fundamental  RF  source  operated  at 
room  temperature  and  for  frequencies  above  200  GHz. 

Reliable  long-term  operation  requires  the  heat  dissipation 
in  the  device  to  be  minimized.  Both  Gunn  devices  and 
TUNNETT  diodes  on  diamond  heat  sinks  meet  these  re¬ 
quirements  since  the  above-mentioned  state-of-the-art- 
results  were  obtained  at  “cool”  operating  active-layer  tem¬ 
peratures  estimated  to  be  generally  below  200  °C,  but  most 
often  well  below  150  °C  [17],  [18],  [20],  [58]. 

Superconductor-insulator-superconductor  (SIS)  junctions 
or  hot-electron  bolometers  are  state-of-the-art  mixing  ele¬ 
ments  in  receivers  at  submillimeter-wave  frequencies.  Ei¬ 
ther  mixing  element  requires  only  modest  LO  power  levels, 
and  fixed-tuned  circuits  offer  large  bandwidths.  Therefore, 
electronic  tunability  over  a  wide  frequency  range  is  one 
desired  feature  in  submillimeter-wave  local  oscillators,  but, 
so  far,  has  not  yet  been  addressed  widely  in  fundamental 
RF  sources  at  millimeter-  and  submillimeter-wave  frequen¬ 
cies. 

Other  semiconductor  material  systems,  such  as  GaN  or 
InN,  are  known  to  exhibit  a  transferred-electron  effect  [47] 
which  could  be  utilized  for  millimeter-wave  Gunn  devices. 
However,  various  Monte  Carlo  simulations  predict  its  on¬ 
set  to  occur  in  these  semiconductor  materials  at  five  to 
more  than  ten  times  higher  threshold  electric  fields  than  in 
InP  [70]-[73].  Furthermore,  much  smaller  values  for  the 
negative  differential  mobility  at  electric  fields  above  twice 
the  threshold  field,  as  well  as  lower  values  for  the  low-field 
electron  mobility,  require  much  higher  doping  x  length 
products  for  rapid  domain  formation  than  in  GaAs  or  InP. 
Higher  electric  fields  and,  as  a  result,  bias  voltages,  will 
enhance  the  RF  power  generating  capabilities,  but,  together 
with  higher  doping  x  length  products,  may  cause  dc  input 
power  densities  that  are  at  least  one  order  of  magnitude 
higher  than  in  InP  and,  even  on  diamond  heat  sinks,  result 
in  excessive  overheating  in  the  device.  As  a  consequence, 
major  advances  in  material  growth,  material  characteriza¬ 
tion,  and  experimental  verification  of  material  properties 
and  parameters,  as  well  as  appropriate  device  fabrication 
technologies,  are  required  before  the  potential  and  capa¬ 


bilities  of  any  of  these  material  systems  can  he  fully  as¬ 
sessed  and  eventually  utilized. 
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ABSTRACT 

Cw-power  generation  from  fundamental  mode  GaAs-IMPATT  diodes  is  presently  limited  to  frequencies  well  below 
200  GHz.  This  restriction  follows  mainly  from  the  losses  in  diode  and  resonator  which  exceed  the  negative  resistance  of  the 
diode  at  elevated  frequencies.  However,  the  strong  non-linearities  of  IMPATT  diodes  can  successfully  be  used  for  harmonic 
mode  operation  to  achieve  rf-output  power  well  above  200  GHz.  For  harmoiuc  mode  operation,  the  active  device  must  be 
incorporated  in  a  resonator  which  is  terminated  reactively  at  the  fundamental  frequency  and  on  the  other  hand  should  be 
power  matched  at  the  harmonic  frequency.  The  reactive  termination  of  the  fundamental  wave  can  easily  be  achieved  by  a 
waveguide  section  with  appropriate  cut-off  frequency.  Matching  at  the  harmonic  frequency  is  aspired  by  the  resonator 
geometry  and  a  sliding  short.  The  initial  material  for  the  applied  GaAs-IMPATT  diodes  is  grown  by  MBE  technique.  The 
devices  are  mounted  on  diamond  heat  sinks  with  extremely  low  parasitics  to  avoid  additional  losses.  Experimental  results 
are  given  for  GaAs  double-drift  IMPATT  devices  above  200  GHz  with  2  mW  at  232  GHz  and  1  mW  at  242  GHz  as  best 
results.  The  experimental  data  are  compared  to  theoretical  simulations  of  both  active  device  and  applied  resonator. 

Keywords:  GaAs-IMPATT  diodes,  harmonic  mode  operation,  optimisation,  experimental  results 

1.  INTRODUCTION 

IMPATT  diodes  deliver  the  highest  output  power  at  microwave  and  mm-wave  frequencies,  but  cw-power  generation  of 
GaAs  devices  in  the  fundamental  mode  is  limited  to  frequencies  well  below  200  GHz  This  is  due  to  the  oscillation 
condition  which  requires  a  negative  dynamic  device  resistance  which  exceeds  the  loss  resistances  of  the  device  contacts  and 
the  resonator.  The  negative  diode  resistance  decreases  with  frequency  and  cannot  be  further  enhanced  by  higher  dc-current 
density  because  of  thermal  considerations.  The  principle  of  operation  of  IMPATT  devices  bases  on  periodic  carrier 
generation  by  impact  ionisation  and  following  transit-time  delay  of  drifting  carriers.  The  primary  advantage  compared  to 
other  semiconductor  transit-time  devices  is  the  initial  phase  lag  of  90“  due  to  the  impact  ionisation.  This  carrier  generation 
process  causes  together  with  space  charge  modulation  a  strong  non-linearity  in  the  active  region  of  the  IMPATT  diode 
which  can  successfully  be  applied  for  internal  frequency  multiplication  in  the  oscillating  device  thus  generating  output 
power  at  harmonic  frequencies  above  200  GHz.  This  kind  of  power  generation  is  denoted  as  harmonic  power  generation  of 
IMPATT  diodes.  It  is  an  obvious  advantage  of  these  self-pumped  harmonic  mode  IMPATT-oscillators  compared  to 
frequency  multipliers  being  driven  by  an  external  pumping  source  that  no  external  pumping  sources  are  required  iThere 
exists  only  few  work  about  these  non-linear  properties  of  IMPATT  diodes  whereas  for  Guim  devices,  harmonic  mode 
operation  is  a  well  practised  method  to  achieve  output  power  at  elevated  frequencies 

In  the  following,  the  harmonic  mode  operation  is  explained,  equivalent  circuits  at  the  fundamental  and  harmonic  frequency 
are  presented,  a  proposed  optimum  device  structure  for  250  GHz  is  given,  and  first  experimental  results  with  low  parasitic 
mounting  technique  for  this  operation  are  summarised. 
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2.  ACTIVE  DEVICE 

In  order  to  study  the  principle  of  harmonic  operation  in  IMPATT  diodes,  it  is  advantageous  to  adopt  an  idealised  model  of  a 
Read-type  device  stracture  ’’  although  the  final  calculations  are  carried  out  using  a  large-signal  drift-diffusion  model 
(DDM)  The  basic  approach  is  straightforward;  In  the  avalanche  region,  fundamental  as  well  as  second  harmonic  field 
excitation  are  introduced  into  the  Read  equation.  Following  the  further  calculations  for  currents  and  voltages,  equivalent 
circuits  for  the  fundamental  and  harmonic  operation  can  be  derived  as  shown  in  Fig.  1. 

At  die  fundamental  frequency,  the  oscillation  condition  must  be  fulfilled  which  determines  the  frequency/;  and  amplitude 
U,  of  the  internal  pumping  source.  The  capability  of  harmonic  power  generation  is  improved  significantly  by  a  large  signal 
amplitude  U,  of  the  pumping  source  so  that  the  active  device  is  driven  into  non-linearities.  This  can  be  achieved  by  a  nearly 
reactive  termination  of  the  device  at  the  fundamental  frequency  so  that  the  negative  diode  resistance  Re{Z;„}  has  only  to 
compensate  the  total  losses  from  both  resonator  and  contacts  Riossj.  The  load  impedance  Z^,  at  the  fundamental  frequency 
should  be  purely  reactive  (Re{Zi;}  =  0). 

At  the  harmonic  frequency,  the  active  region  of  the  device  can  be  represented  by  an  ideal  current  source  driven  by  the 
fundamental  voltage  U,  and  an  internal  admittance  P;,  .  In  this  case,  power  matching  instead  of  the  compliance  of  an 
oscillation  condition  must  be  established  to  receive  high  harmonic  rf-power.  From  this  description,  an  essential  difference  in 
power  generation  at  fundamental  and  harmonic  frequencies  can  be  concluded:  With  increasing  frequencies,  power 
generation  at  the  fundamental  frequency  is  limited  to  frequencies  where  the  losses  in  both,  diode  and  resonator,  do  not 
exceed  the  negative  resistance  of  the  active  device.  At  the  double  frequency,  however,  output  power  can  be  achieved  even  if 
the  losses  are  relatively  high  (see  Fig.  1). 


Fig.  1:  The  equivalent  circuits  of  the  self-pumped  IMPATT  device  at  the  fundamental  and  harmonic  frequency. 

Fig.  2  shows  doping  concentration  N(x)  and  electric  field  distribution  E(x)  of  the  investigated  GaAs  double-drift  Read 
IMPATT  diodes.  For  accurate  calculations  of  the  electrical  characteristics  of  the  applied  devices,  large-signal  device 
simulators  are  used.  The  optimisation  of  the  doping  profile  for  the  high  field  region  was  carried  out  by  a  Monte-Carlo 
model  which  takes  into  account  Zener-tunneling  and  the  non-stationary  and  non-local  transport  effects  of  the  carriers  In 
order  to  improve  the  electrical  performance  of  IMPATT  diodes,  a  compromise  between  low  breakdown  voltage  of  the 
active  region  and  low  Zener-tunneling  (i.e.  predominant  carrier  generation  by  impact  ionisation)  must  be  found.  This 
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optimised  doping  profile  can  be  applied  for  fundamental  as  well  as  for  harmonic  mode  operation.  Therefore,  only  the  low 
field  region  must  be  modified  for  harmonic  mode  operation,  appropriately  (see  Fig.  2).  The  doping  profile  of  the  two  drift- 
regions  was  optimised  with  DDM  adjusted  by  Monte  Carlo  simulations  for  the  avalanche  zone.  The  optimisation  of  the 
doping  profile  for  maximum  rf-output  power  at  the  double  frequency  PL2.max(.U,  opt ,  t4,op( .  by  DDM-simulations  is  rather 
time-consuming.  The  optimum  operation  point  {Ujopt  >  ^2.opi  >  <Popi)  can,  however,  also  be  found  by  only  few  DDM- 
simulations  by  optimising  the  current  source  /20  ^<1  tbe  internal  admittance  Y12.  This  fast  optirmsation  method  is  sufficiently 
accurate  in  all  interesting  operation  points  and  can  be  applied  successfully  to  other  device  structures. 


Fig.  2:  GaAs  double-drift  Read  IMPATT  diode  stracture  with  doping  profile  and  electric  field  distribution. 

For  self-pumped  IMPATT  diodes,  a  compromise  between  high  fundamental  voltage  amplitude,  bias  stability,  velocity 
saturation,  and  modulation  of  space  charge  region  must  be  found.  At  the  fundamental  frequency,  the  negative  diode 
resistance  must  compensate  the  total  losses.  Additionally,  a  high  fundamental  voltage  must  be  obtained  for  efficient 
harmonic  mode  operation  so  that  appropriate  drift  lengths  are  required.  However,  tire  injected  convection  current  is 
smoothed  during  the  transit  time  of  the  carriers  within  the  drift  regions  so  that  very  short  drift  lengths  are  preferred  at  the 
double  frequency.  Therefore,  the  length  of  the  drift  zones  must  be  reduced  with  respect  to  the  optimum  length  at  the 
fundamental  frequency  in  order  to  prevent  the  smoothing  of  the  convection  current.  For  harmonic  mode  operation  from 
210  GHz  to  250  GHz  drift  lengths  for  electrons  Lf,o  and  holes  of  about  60  nm  is  considered  to  be  advantageous  (see 
Fig.  2).  The  electric  field  distribution  must  guarantee  velocity  saturation  during  the  whole  operation.  Just  punched  through 
operation  is  advantageous  for  harmonic  mode  oscillators  because  of  the  additional  modulation  of  the  space  charge  region. 
The  demanded  punchthrough  factor  of  about  1  can  be  obtained  by  a  doping  concentration  of  N^^N[,  =  4  lO'^cm  ^ 
Modulation  of  the  space  charge  region  increases  the  rf-losses  at  the  fundamental  frequency  and  hereby  lowers  the  rf- 
fundamental  voltage.  However,  harmonic  power  generation  is  significantly  improved  due  to  the  additional  non-linear 
device  capacitance. 

Low-frequency  instabilities  in  the  bias  circuit  may  appear  in  IMPATT  devices  at  high  fundamental  voltage  amplitude 
These  bias  oscillations  are  particularly  troublesome  for  the  harmonic  mode  operation  due  to  the  reactive  load  at  the 
fundamental  frequency.  The  high  rf-voltage  amplitude  and  the  properties  of  carrier  generation  due  to  impact  ionisation 
cause  an  rf-rectification  that  leads  to  a  negative  slope  of  the  dynamic  current-voltage  characteristic  as  shown  in  section  II  of 
Fig.  3.  In  this  range,  the  increasing  bias  current  results  in  an  enhanced  oscillation  amplitude  that  produces  the  back 
biasing  due  to  rf-rectification.  The  negative  slope  of  the  dynamic  current-voltage  characteristic  can  induce  bias  oscillations 
at  low  frequencies  and  thus  deteriorate  the  operation  mode.  Numerical  investigations  show  that  an  increased  doping 
concentration  in  the  drift  regions  reduces  the  rf-rectification  and  prevents  a  negative  slope. 
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Fig.  3:  Measured  current-voltage  characteristic  which  exhibits  a  negative  slope  in  region  II. 

Absolute  stability  was  calculated  with  optimised  parameters  for  the  doping  concentration  =  =  Aj,  =  4-10'^  cm'^  and  the 

appropriate  drift  lengths  oiL^o  =  64  nm  and  =  60  nm  for  the  low  field  region  as  being  shown  in  Fig.  2  with  improved 
output  power. 


3.  RESONATOR 

For  harmonic  mode  operation,  the  resonator  should  exhibit  an  inductive  load  at  the  fundamental  frequency,  whereas  an 
appropriate  load  impedance  for  power  matching  is  desirable  at  the  harmonic  frequency  (Fig.  1).  The  resonators  used  for  the 
experiments  have  a  disc  structure  in  a  full  height  WR-06  waveguide  (Fig.  4). 


Fig.  4:  A  disc  resonator  in  a  full  height  WR-06  waveguide  with  sliding  short  on  one  side  and  a  WR-04  waveguide  section  to 
achieve  a  reactive  termination  for  the  active  device  at  the  fundamental  frequency. 

Fine-tuning  is  accomplished  by  a  sliding  short.  A  WR-04  waveguide  section  at  the  end  of  the  resonator  cuts  off  all 
frequencies  beyond  137  GHz  leading  to  a  nearly  reactive  termination  for  the  active  device  at  the  fundamental  frequency. 
The  resonator  impedance  was  numerically  calculated  by  the  help  of  a  commercial  finite  element  programme  (HP-HFSS). 
Because  of  the  inductive  behaviour  of  the  resonator,  the  load  reactance  increases  with  the  increase  of  frequency  but  the 
internal  reactance  of  the  active  device  =  Im{l/1^^}  decreases  with  the  increase  of  frequency.  Consequently,  power 
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matching  is  not  obtained  with  this  resonator  but  some  output  power  can  always  be  extracted  from  the  device  at  the 
harmonic  frequency  as  characterised  by  the  equivalent  circuit  in  Fig.  1.  The  calculations  of  the  load  reactance  show, 
however,  that  it  exhibits  resonances  which  can  improve  power  matching. 

4.  EXPERIMENTAL  RESULTS 

In  the  experiment,  a  WR-06  disc  resonator  as  described  above  with  an  integrated  double-drift  Read-type  IMP  ATT  diode  is 
used.  Contact  losses  of  the  active  device  can  be  reduced  by  the  application  of  a  Ti-Schottky  contact  on  the  highly  doped  n*- 
layer  whereas  an  ohmic  contact  was  used  for  the  highly  doped  p^-contact  layer.  For  reducing  the  thermal  resistance,  the 
active  device  is  bonded  on  a  diamond  heat  sink  with  a  low  parasitic  mounting  technique  (see  Fig.  5).  This  mounting 
technique  is  achieved  with  high  precision  and  reproducibility  and  has  been  applied  successfully  for  power  generation  in  the 
mm- wave  range 


Ti-Schottky  . 
n-contact 


ohmicTi/Pt/Au 
p-contact 


cone 


Epi-layer 


Ti  (20  nm) 

Pt  (60  run) 

An  (100  nm)^  An  (700  nm) 


Pt(lOOmn) 
Ti  (35  nm) 


Fig.  5:  Diamond  heat  sink  with  a  low  parasitic  mounting  technique  of  the  active  device. 

The  device  area  was  optimised  experimentally  for  high  output  power  as  a  compromise  between  impedance  matching, 
thermal  considerations,  and  electrical  performance.  The  diameters  of  the  investigated  double-drift  IMPATT  devices  in  the 
experiments  are  between  20  and  30  pm. 

Two  different  doping  concentrations  =  Ao  =  MO'''  cm'*  and  N^  =  No  =  2.5-10''  cm'*  were  investigated  whereas  the 
lengths  of  the  both  low  field  regions  are  =  60  nm  and  L/fj,  =  64  nm,  respectively.  The  device  with  the  doping 
concentration  of  1-10''  cm'*  was  already  successfully  applied  for  the  fundamental  mode  from  140  GHz  to  170  GHz  for  dc- 
current  densities  from  50  kA/cm*  to  100  kA/cm*  '.  For  harmonic  mode  operation,  lower  frequencies  and  a  reactive 
termination  at  the  fundamental  frequency  are  advantageous.  Maximum  output  power  of  2  mW  could  be  obtained  in  cw- 
operation  at  232  GHz  (see  Fig.  8).  This  is  the  frequency  where  the  load  reactance  shows  a  minimum  due  to  a  resonance 
versus  the  frequency.  Thus  the  aspired  power  matching  could  be  improved  accordingly. 

As  mentioned,  bias  oscillations  are  particularly  troublesome  for  harmonic  mode  operation  because  of  high  fundamental 
voltages.  Increasing  the  series  resistance  in  the  bias  circuit  could  not  sufficiently  prevent  bias  oscillations.  Thus  the  applied 
dc-current  density  had  to  be  decreased  to  prevent  the  bias  instabilities.  Also  operation  at  higher  frequencies  could  prevent 
bias  oscillations. 

The  total  losses  were  determined  by  measurements  of  the  dc-current  for  onset  of  oscillations  in  the  frequency  range  from 
110  GHz  to  150  GHz.  Following  numerical  calculations  of  the  negative  diode  resistance  with  the  DDM-programme 
determine  the  losses.  The  contact  losses  exceed  the  losses  from  the  resonator.  Therefore,  the  Ti-Schottky  contact 
predominantly  determines  the  behaviour  of  total  losses  and  thus  the  losses  decrease  with  the  increase  of  frequency  as  being 
depicted  in  Fig.  6. 
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Fig.  6:  Total  losses  from  active  device  and  resonator. 

Further  experimental  investigations  were  carried  out  with  doping  concentrations  of  2.5-10'''  cm"’.  242  GHz  was  the  highest 
frequency  with  a  corresponding  rf-output  power  of  1  mW.  The  output  power  was  measured  by  a  power  meter  and  compared 
to  measurements  of  a  dry  caloriometer.  The  frequency  measurements  were  performed  by  a  spectrum  analyser  which  also 
guarantees  single  tone  operation  for  the  harmonic  oscillators.  The  measured  rf-output  powers  of  the  experimental  results  are 
suimnarised  in  Fig.  7.  The  theoretically  predicted  optimised  diode  stmcture  with  higher  doping  concentrations  is  concerned 
for  future  experimental  investigations. 


frequency  [GHz] 

Fig.  7:  Measured  harmonic  power  generation  from  double-drift  IMP  ATT  diodes  with  different  doping  concentrations  in  the 
drift  zones. 


5.  COMPARISON  OF  NUMERICAL  AND  EXPERIMENTAL  RESULTS 

The  numerical  calculation  for  the  active  device  refers  to  the  experimental  data  with  a  corresponding  device  diameter  of 
27  pm,  a  dc-current  density  jo  of  55  kA/cm^,  and  the  loss  resistances  Rju,!si,  Rloss2  of  0-5  O.  For  optimum  harmonic 
operation  at  232  GHz,  a  purely  inductive  resonator  impedance  of  j-6  C2  is  required  at  the  fundamental  frequency.  A 
fundamental  voltage  amplitude  of  about  9  V  results  so  that  the  negative  diode  resistance  just  compensates  the  total  losses  of 
0.5  Q.  The  internal  current  source  amplitude  l/jol  amounts  to  170  mA  and  the  internal  admittance  to  (57  +  j  350)  mS. 
This  results  in  an  attainable  harmonic  output  power  of  =  30  mW  at  232  GHz.  The  corresponding  resonator 
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impedance  for  power  matching  at  the  harmonic  frequency  would  be  Zi2„p,  =  (1  +  j  3)  fil.  A  resonator  stmcture  with  a  disc 
diameter  of  800  pm,  a  post  diameter  of  500  pm,  and  a  post  height  of  H  =  20  pm  as  being  shown  in  Fig.  4  was 
applied  in  the  experiment.  The  impedance  at  the  harmonic  frequency  could  only  be  tuned  to  the  value  of  about  (0.4  +  j  8)  Q 
which  is  fairly  far  from  the  above  calculated  load  impedance  It  results  in  a  calculated  output  power  of  1.7  mW.  This 
findings  fit  quite  well  to  the  experimental  result,  where  an  output  power  of  2  mW  was  obtained.  The  calculations  of  the 
output  power  at  the  double  frequency  versus  the  load  impedance  Zj,,  are  shown  in  Fig.  8. 


Fig.  8: 

Output  power  at  232  GHz  versus  load  impedance 

6.  CONCLUSION 

In  this  work,  theoretical  and  experimental  investigations  concerning  power  generation  by  second  harmonic  operation  of 
self-pumped  IMPATT  diodes  are  described.  The  active  device  is  characterised  by  a  time-domain  drift-diffusion  model.  The 
applied  disc-type  resonator  structure  is  investigated  by  a  commercial  simulation  programme.  Using  a  low  parasitic 
mounting  technique  for  the  active  devices,  up  to  2  mW  cw-output  power  at  232  GHz  was  obtained. 
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ABSTRACT 

Recent  results  of  millimetre  wave  generation  with  doped  GaAs/AlAs  superlattices  are  reviewed.  The  wide-miniband 
superlattices  show  negative  differential  conductance  caused  by  Bloch  oscillations  of  the  miniband  electrons.  The 
millimetre  wave  emission  is  due  to  current  oscillations  driven  by  travelling  dipole  domains.  The  oscillation  frequency  is 
given  by  the  ratio  of  the  domain  velocity  and  the  superlattice  length.  The  experimental  results  show  that  the  oscillation 
frequency  increases  with  increasing  peak  drift  velocity,  which  strongly  depends  on  the  miniband  width.  Current 
oscillations  in  GaAs/AlAs  superlattices  up  to  a  frequency  of  103  GHz  at  a  power  level  of  about  0.5  mW  are  reported. 
The  superlattice  oscillator  will  be  compared  with  resonant  tunnelling  diode  oscillators  and  Gunn  diode  oscillators.  The 
possibility  of  using  different  material  systems  for  the  superlattices  will  be  discussed. 

Keywords:  superlattice,  millimetre  wave  generation,  current  oscillation,  travelling  dipole  domains 


1.  INTRODUCTION 

A  semiconductor  superlattice,  as  proposed  by  Esaki  and  Tsu  [1],  is  a  periodic  repetition  of  quantum  wells 
separated  by  narrow  barriers;  the  quantum  well  and  the  barrier  layers  are  obtained  by  using  different  semiconductor 
materials  (e.g.  GaAs  and  AlAs).  A  new  band  structure,  consisting  of  minibands  separated  by  minigaps,  is  formed  due  to 
a  strong  coupling  between  wave  functions  of  adjacent  quantum  wells.  Esaki  and  Tsu  predicted  a  current- voltage 
characteristic  with  a  negative  differential  conductance  for  transport  along  the  superlattice  axis.  Current-voltage 
characteristics  with  a  negative  differential  conductance  for  superlattices  were  observed  by  different  groups  [2].  The  aim 
of  this  paper  is  to  discuss  recent  results  of  microwave  emission  from  self-sustained  current  oscillations  in  semiconductor 
superlattices  with  wide  minibands. 


2.  THE  SUPERLATTICE  DEVICE 

A  typical  superlattice,  grown  by  molecular  beam  epitaxy  on  a  n"^  GaAs  substrate,  is  considered  consisting  of 
120  periods,  each  of  4.9  nm  thick  GaAs  and  1.3  nm  thick  AlAs  layers,  and  doped  with  silicon  (about  IxlO’’^  cm‘^).  The 
superlattice  has  a  miniband  width  of  22  meV.  On  top  of  the  superlattice,  a  n"^  GaAs  cap  layer  was  grown  for  the 
formation  of  ohmic  contacts.  The  superlattice  was  embedded  between  graded  layers  of  gradual  composition  and  doping 
level  in  order  to  match  the  band  structure  of  the  superlattice  to  the  n'*^  GaAs  layers. 

A  typical  device  [3],  prepared  from  the  superlattice  structure,  is  shown  in  Fig.l.  The  superlattice  device  had 
two  mesas,  one  with  a  small  and  another  with  a  large  area,  on  the  n"^  GaAs  substrate.  The  mesas  were  provided  with 
ohmic  contacts  on  top.  Using  a  high-frequency  probe  tip,  the  mesas  were  connected  to  a  50-Ohm  coaxial  cable  for 
transmission  of  both  the  direct  and  the  high-frequency  current.  The  mesa  with  the  smaller  area  acted  as  an  active 
element,  while  the  large-area  mesa  was  a  series  resistance  in  order  to  connect  the  active  mesa  to  the  contact.  Direct  and 
high-frequency  current  were  separated  by  a  bias  tee.  The  current-voltage  characteristic  was  measured  by  an  I-V  curve 
tracer  and  the  millimetre  wave  radiation  was  monitored  by  a  spectrum  analyser. 
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Fig.l:  Experimantal  set-up. 

The  current  voltage  characteristic  (Fig.2)  of  the  22-meV  superlattice  device  (superlattice  with  a  miniband  width 
of  22  meV)  showed  ohmic  behaviour  at  small  voltages  and  a  negative  differential  conductance  above  a  critical  voltage 
(-0.7  V),  corresponding  to  the  peak  current.  For  voltages  larger  than  the  critical  voltage  the  current  changed  in  jumps 
followed  by  smooth  parts.  For  positive  voltages,  microwave  emission  was  observed  immediately  after  the  first  current 
jump,  while  in  negative  direction  no  emission  was  found.  A  peak  drift  velocity  of  about  7x10^  cm/s  was  estimated  from 
the  peak  current. 

The  superlattice  device  showed  an  emission  spectrum  (Fig.3)  with  a  fundamental  frequency  near  5  GHz  and 
higher  harmonics.  The  line  at  the  fundamental  harmonic  had  a  width  of  less  than  1  MHz.  A  maximum  power  of  the 
oscillator  of  about  0.1  mW  was  obtained  corresponding  to  an  efficiency  from  dc  to  high-frequency  power  of  about  1  %. 

3.  MINIBAND  TRANSPORT,  NEGATIVE  DIFFERENTIAL  MOBILITY 
AND  TRAVELLING  DOMAINS 

Electrons,  which  populate  the  energetically  lowest  miniband,  are  responsible  for  the  transport  properties  of  the 
superlattice.  In  a  weak  electric  field  (Fig.4a)  applied  parallel  to  the  superlattice  axis,  a  miniband  electron  is  accelerated 
until  an  inelastic  scattering  process  occurs;  afterwards  it  is  accelerated  again.  The  drift-velocity  field  characteristic 
shows  ohmic  behaviour.  At  high  electric  fields  (Fig.4b)  a  miniband  electron  can  reach  the  top  of  the  miniband  and 
experience  Bragg  reflection.  The  miniband  electron  oscillates  (with  the  Bloch  frequency  (Ob  =  eEoa/ft,  where  e  is  the 
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Fig.2:  Current-voltage  characteristic  of  a  22-meV  superlattice  device. 
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Fig.3:  Spectrum  from  a  22-meV  superlattice  device. 


elementary  charge,  h  Planck’s  constant,  a  the  superlattice  period  and  Eq  the  electric  field)  along  the  superlattice  axis 
(Bloch  oscillation  [4])  over  several  periods  before  it  looses  energy  by  an  inelastic  scattering  process  (i.e.  cOb  >  x,  where  x 
is  an  average  intraminiband  relaxation  time).  All  miniband  electrons  perform  Bloch  oscillations  independently,  i.e. 
without  a  phase  relation  to  each  other.  The  Bloch  oscillation  leads  to  a  field-induced  localisation  of  miniband  electrons. 
This  localisation  increases  with  increasing  the  field  strength;  therefore,  the  drift  motion  becomes  slower  with  increasing 
electric  field  and  negative  differential  mobility  occurs.  The  drift  velocity-field  characteristic  (Fig.4c)  is  given  for  a  tight 
binding  miniband  dispersion  relation  by  [1] 


Vd 


2c0bX 


(1) 


where  Vp  is  the  peak  drift  velocity.  The  peak  drift  velocity  occurs  for  a  critical  field  Ec  (onset  of  the  negative  differential 
mobility),  where  0)8^=  1-  The  differences  between  the  current-voltage  characteristic  (Fig.2)  in  the  region  of  negative 
differential  conductance  and  a  current- voltage  characteristic  expected  from  the  velocity-field  characteristic  (Fig.4c)  with 
a  completely  smooth  slope  indicates  the  occurrence  of  space  charge  instabilities  and  the  formation  of  travelling  domains. 

A  spatially  homogeneous  field  distribution  becomes  unstable  if  a  voltage  in  the  region  of  negative  differential 
velocity  is  applied  to  the  superlattice.  A  domain  is  formed  near  the  cathode,  travels  through  the  superlattice  and  grows 
until  a  dynamic  equilibrium  between  drift  and  diffusion  processes  is  reached.  Fig.5  shows  results  [5]  of  a  calculation  of 
the  spatial  carrier  and  field  distribution  inside  the  22-meV  superlattice  with  a  self-consistent  drift-diffusion  model  [6] 
taking  into  account  Eq.l.  The  domain  has  a  shape  of  a  dipole  consisting  of  a  small  accumulation  layer  followed  by  a 
wider  depletion  layer.  In  the  domain,  the  electric  field  reaches  a  value  which  is  several  times  the  critical  field,  while 
outside  the  domain  the  electric  field  is  below  the  critical  field  (which  prevents  the  occurrence  of  a  second  domain  before 
the  first  one  disappears).  The  domain  travels  towards  the  anode  with  an  almost  constant  domain  velocity  of  about  0.7  Vp. 
At  the  anode,  the  domain  is  annihilated.  This  process  is  repeated  periodically  and  leads  to  current  oscillations  [7]  in  the 
external  circuit.  The  oscillation  frequency  found  for  the  22-meV  superlattice  is  very  close  to  the  transit  frequency  of  the 
domains,  about  0.7  Vp/L,  where  L  is  the  length  of  the  superlattice.  The  width  of  the  domain  is  a  third  of  the  superlattice 
length.  Accordingly,  the  current  oscillation  is  not  sinusoidal,  which  is  in  good  agreement  with  the  experimental 
observation  of  higher  harmonics. 
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4.  CURRENT  OSCILLATION  IN  SUPERLATTICES  WITH  DIFFERENT  MINIBAND  WIDTHS 


Current-voltage  characteristic  and  microwave  emission  for  several  superlattice  devices,  each  with  a  different 
miniband  width  and  the  same  length,  was  investigated  [8, 9].  The  miniband  width  was  obtained  by  adjusting  the  well  and 
barrier  thickness  in  each  superlattice.  It  was  found  that  the  peak  drift  velocity  Vp  increased  from  2-10’  cm/s,  for  a  16- 
meV  superlattice  device,  up  to  75-10^  cm/s  for  a  120-meV  superlattice  device.  The  critical  field  in  the  superlattices  was 
almost  independent  of  the  miniband  width,  and  had  a  value  of  ~14  kV/cm.  Fig.6a  shows  the  peak  drift  velocity  divided 
by  the  period  of  the  superlattice  (Vp/a)  as  function  of  the  miniband  width  A  for  the  different  superlattices  (points  in 
Fig.6a).  The  experimental  result  is  compared  with  calculations  of  the  peak  drift  velocity  with  a  semiclassical  model  for 
miniband  transport,  which  takes  into  account  inelastic  and  elastic  intraminiband  relaxation  [10], 


where  Ve  is  the  inelastic  scattering  rate,  Vei  the  elastic  scattering  rate,  k  Boltzmann’s  constant  and  ti  Planck’s  constant. 
Our  analysis  (solid  line  in  Fig.4a)  delivers  V£/(Ve+Vei)  ~  0.25.  A  similar  value  was  reported  for  undoped  superlattices 
studied  by  time-of-flight  measurements  [11].  In  the  semiclassical  model  [10],  the  average  intraminiband  relaxation  time 
is  r  =  [VE(v£-tVei)]''®;  accordingly,  a  value  of  the  elastic  scattering  rate  of  15-10*^  s‘‘  and  of  the  inelastic  scattering  rate  of 
510'^s''  is  estimated.  It  is  suggested  that  the  inelastic  scattering  in  the  superlattices  at  room  temperature  is  due  to 
interaction  with  optical  phonons,  while  the  elastic  scattering  is  caused  by  the  roughness  of  the  interfaces  between  the 
GaAs  and  AlAs  layers. 

The  oscillation  frequency  of  the  current  oscillation  in  the  different  superlattices  increased  with  increasing 
miniband  width  (from  2  GHz  for  the  16-meV  superlattice  up  to  103  GHz  for  the  120-meV  superlattice).  The  highest 


miniband  width  (meV)  peak  drift  velocity  (10®  cm/s) 

Fig.6:  (a)  Ratio  of  Vp/a  versus  the  miniband  with;  (b)  oscillation  frequency  of  superlattices 

with  different  miniband  widths. 
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output  power  was  about  0.5  mW  [9]  (at  103  GHz)  for  the  120-meV  superlattice.  The  fundamental  harmonics  of  the 
superlattices  showed  different  linewidths  in  the  range  from  about  3  MHz  (16-meV  superlattice)  to  less  than  10  kHz  (46- 
meV  superlattice).  At  present,  we  have  no  explanation  for  the  different  linewidths. 

In  Fig.6b  the  oscillation  frequency  versus  the  peak  drift  velocity  is  plotted  (squares  are  experimental  points). 
The  straight  line,  calculated  by  the  expression  for  the  transit  frequency  fj  =  0.75  Vp/L  (L  =  0.6  pm),  described  well  the 
dependence  of  the  experimental  data  for  superlattices  with  about  the  same  length.  For  the  72-meV  superlattices  with  a 
different  length,  it  was  found  [3,  8]  that  a  decrease  of  the  length  led  to  an  increase  of  the  oscillation  frequency  (from 
53  GHz  to  65  GHz),  although  the  shorter  superlattice  had  a  slightly  smaller  peak  drift  velocity  than  the  longer  one.  The 
dependence  of  the  oscillation  frequency  from  both,  the  peak  drift  velocity  and  the  length,  corresponds  to  the  behaviour 
expected  from  domains  travelling  through  the  superlattice. 

5.  THE  FREQUENCY  LIMIT  OF  THE  NEGATIVE  DIFFERENTIAL  MOBILITY 

The  analysis  of  the  experimental  results  indicates  that  the  negative  differential  mobility  is  the  origin  of 
travelling  domains  and  the  current  oscillations.  It  is  an  important  question  for  the  device  operation,  up  to  which 
frequencies  a  negative  differential  mobility  occurs.  Therefore,  the  frequency  dependence  of  the  small-signal  mobility,  p^ 
(Fig.7),  using  one  dimensional  moment-balance  equations,  was  investigated  [12]  for  a  constant  inelastic  scattering  rate 
(Ve  =  510'^s‘')  and  different  ratios  For  the  calculation  a  static  electric  field  at  the  maximum  of  the  negative 

differential  mobility  ((0bT=  1-7)  was  chosen.  The  small-signal  high-frequency  mobility  converges  for  small  frequencies 
to  the  value  of  the  negative  differential  mobility  obtained  from  the  velocity-field  characteristic  (Eq.l).  The  largest 
negative  value  of  Pu  was  found  in  the  absence  of  elastic  scattering  (Vei/Ve  =  0).  The  mobility  remains  negative  up  to  a 
frequency  above  1  THz.  Elastic  scattering  reduces  the  value  of  the  negative  small-signal  mobility  at  small  frequencies. 
The  analysis  of  the  static  transport  parameter  of  our  superlattices  were  consistent  with  Va/v^  =  2.  For  this  ratio,  Po,  was 
almost  constant  up  to  a  frequency  of  about  1  THz.  Therefore,  we  suggest  that  the  intrinsic  properties  of  a  GaAs/AlAs 
superlattices  give,  in  principle,  the  feasibility  for  generation  of  radiation  up  to  nearly  1  THz.  A  more  refined 
experimental  set-up  is  necessary  for  the  observation  of  generation  of  THz  radiation  with  a  superlattice. 


Fig.7:  Frequency  dependence  of  the  small-signal  high-frequency  mobility  normalised  to  the  static  low-field  mobility. 
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6.  FUTURE  PROSPECTS 


In  comparison  to  the  120-meV  superlattice  device,  an  oscillator  based  on  a  GaAs-AlAs  resonant  tunnelling 
diode  produced  an  order  of  magnitude  less  power  (15  pW  at  112  GHz  [13])  at  about  the  same  efficiency.  The  steep 
slope  in  the  negative  differential  conductance  region  of  a  resonant  tunnelling  diode  makes  it  necessary  to  use  devices 
with  a  diameter  well  below  10  pm  in  order  to  obtain  a  negative  conductance  in  a  range  that  allows  a  stable  operation  of 
the  oscillator.  Such  a  limit  does  not  exist  for  a  superlattice  device  because  the  negative  differential  conductance  occurs 
over  a  range  of  several  volts  (Fig.2),  which  makes  the  device  impedance  much  more  suitable  for  matching  to  an  external 
circuit.  Experimental  results  suggest  that  a  superlattice  device  oscillator  can  reach  output  powers  of  more  than  several 
milliwatts  by  using  a  device  with  a  larger  area  and  by  an  appropriate  matching  of  the  device  impedance  to  the  impedance 
of  the  external  circuit.  However,  more  experimental  investigations  are  necessary  to  determine  the  superlattice  device 
impedance. 

The  superlattice  device  can  exhibit  a  current  oscillation  at  a  higher  fundamental  frequency  than  a  GaAs  Gunn 
diode.  The  fundamental  frequency  of  a  Gunn  diode  is  limited  to  below  100  GHz  [14]  by  the  characteristic  times  (-1  ps 
[14])  for  the  electron  transfer  from  a  central  conduction  band  minimum  with  high  mobility  to  satellite  minima  with  low 
mobility.  To  our  knowledge,  the  highest  observed  frequency  of  a  GaAs  Gunn  diode  in  fundamental  mode  operation  was 
83  GHz  [15].  A  fundamental  frequency  above  100  GHz  was  demonstrated  with  the  120-meV  superlattice  device.  This  is 
possible  due  to  the  short  intraminiband  relaxation  time,  which  determines  that  the  negative  differential  mobility  exists  up 
to  submillimetre  wave  frequencies  (Fig.7).  Operation  of  a  superlattice  oscillator,  optimised  with  respect  to  miniband 
width  and  length,  well  above  100  GHz  should  therefore  be  possible. 

It  is  suggested  that  a  further  increase  of  the  operation  frequency  can  be  obtained  by  using  different  material 
systems.  For  example,  in  comparison  to  a  GaAs/AlAs  superlattice,  an  InGaAs/InAlAs  superlattice,  with  the  same 
quantum  well  and  barrier  thickness,  has  the  advantage  of  a  larger  miniband  and,  therefore,  of  a  higher  drift  velocity;  this 
is  due  to  lower  effective  electron  masses  of  the  constituent  materials  and  a  lower  barrier  height.  Accordingly,  a  higher 
oscillation  frequency  is  expected  for  optimised  InGaAs/InAlAs  superlattices  compared  to  GaAs/AlAs  superlattices.  Up 
to  date,  the  highest  oscillation  frequencies  observed  for  an  InGaAs/InAlAs  superlattice  were  55  GHz  [16]  and  74  GHz 
[17].  Furthermore,  InGaAs/InAlAs  superlattices  offer  the  possibility  to  interact  with  optical  radiation  in  a  wavelength 
range  (1.3  pm)  used  for  fibre  transmission  lines;  this  is  due  to  an  appropriate  bandgap  of  this  material  system.  Recently, 
it  was  reported  [18]  that  an  InGaAs/InAlAs  superlattice  oscillator  can  be  injection-locked  by  an  optical  signal 
(modulated  with  a  microwave  signal  having  a  frequency  close  to  the  frequency  of  the  free  running  superlattice  oscillator) 
in  the  1.3  pm  wavelength  range.  This  experiment  shows  the  potential  of  superlattice  devices  to  interconnect  the  optical 
and  millimetre  wavelength  range. 


7.  CONCLUSION 

In  conclusion,  recent  results  of  the  development  of  superlattice  devices  as  novel  solid-state  source  for  the  generation  of 
millimetre  wave  radiation  were  reported.  Due  to  the  short  intraminiband  relaxation  time,  a  GaAs/AlAs  superlattice 
device  shows  current  oscillations  above  100  GHz.  The  oscillation  frequency  can  be  adjusted  over  more  than  two  orders 
of  magnitude  (1  -  100  GHz)  by  the  miniband  width  and  length  of  the  superlattice.  A  100-GHz  oscillator  based  on  the 
superlattice  device  had  a  much  larger  output  power  than  the  best  reported  GaAs-AlAs  resonant  tunnelling  diode 
oscillator  and  was  operated  in  a  fundamental  harmonic  mode  at  higher  frequencies  than  a  GaAs  Gunn  oscillator. 
Superlattice  devices  based  on  the  InGaAs/InAlAs  material  system  are  promising  with  respect  to  higher  oscillation 
frequencies  and  opto-electronic  applications. 
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ABSTRACT 

The  recent  advances  in  telecommunication  and  teledetection  systems  are  creating  a  demand  for  system  developments  in  the 
upper  part  of  the  millimetre  wave  spectmm  and  beyond  that  available  in  this  frequency  range.  It  is  thought  that  novel  device 
schemes,  relying  on  quantum  effects,  will  play  an  increasing  role  in  this  development.  At  last,  new  micromachining 
technologies  are  currently  being  developed  for  these  wavelengths  not  only  for  the  fabrication  of  passive  components  but 
also  for  active  devices.  This  paper  gives  an  overview  of  the  Terahertz  components,  currently  fabricated  at  lEMN,  which  are 
aimed  at  operating  in  THz  receivers.  This  concerns  mixers  and  harmonic  multipliers,  engineered  for  ultra-fast  electron 
dynamics  and  strongly  reactive  and  resistive  non  linearities.  Special  attention  has  been  paid  to  high  performance  InP-based 
Heterostracture  Barrier  Varactors  (HBV's)  for  harmonic  multiplication,  Double  Barrier  Heterostracture  Resonant 
Tunnelling  Diodes  (DBH-RTD's)  for  fundamental  generation  and  T-gate  Schottky's  for  sub-harmonic  mixing.  Novel  ideas 
will  be  presented  in  order  to  control  the  particle  and  displacement  currents  and  to  overcome  the  intrinsic  and  extrinsic 
limitations. 

Keywords:  Terahertz  range.  Non  linear  devices,  Heterostracture  Barrier  varactors,  Schottky  diodes.  Resonant  Tunnelling 
Diodes,  harmonic  multipliers,  sub-harmonic  mixers 


1.  INTRODUCTION 

High  speed  non  linear  semiconductor  devices  are  key  components  for  advanced  electronic  systems  in  the  Terahertz  region 
that  handle  analogue  signals  at  frequencies  typically  between  100  GHz  and  1  THz.  These  devices  appears  vital  to  the 
continued  growth  of  this  maturing  research  area  which  has  now  a  long  and  respectable  history.  The  study  of  earth 
atmosphere  using  millimetre  or  submillimetre  spectroscopy  and  radio-astronomy  is  particularly  representative  of  the 
activity  in  this  field.  Recently,  tremendous  strides  have  been  made  which  are  based  on  advanced  epitaxial  and  processing 
techniques  including  epitaxial  and  planar  integration,  the  development  of  heterostractures  and  the  emergence  of 
micromachining  techniques.  The  purpose  of  this  paper  is  to  illustrate  this  evolution  which  affects  no  only  the  active  devices 
but  also  their  enviromnent  and  hence  the  external  circuits.  Most  important  is  the  fact  that  heterostracture  semiconductors 
can  now  be  produced  as  highly  perfect  crystals  and  this  provides  a  natural  basis  for  the  fabrication  of  highly  non  linear 
devices. 

The  structuring  of  semiconductors  on  the  micron  scale  with  a  high  perfection  is  manifested  in  a  number  of  important  ways. 
Firstly,  one  can  take  advantage  of  the  so  called  quantum-size  effects  when  the  De  Broglie  wavelength  for  electron  compare 
to  the  system  dimension.  Also,  the  growth  of  multi-layered  structures  opens  the  way  to  combine  individual  samples  so  that 
the  electrical  characteristics  can  be  tailored  depending  of  the  targeted  application,  with  respect  to  the  power  handing  or 
frequency  capabilities  notably.  To  complete  otir  picture  of  the  context,  it  is  also  important  to  mention  that  advanced 
processing  techniques  including  microstracturing  of  semiconductor  dielectric  and  metallic  heterostractures  has  brought  a 
profound  change  in  Terahertz  technology  driven  largely  by  the  concern  of  low  cost  system  development.  In  this  paper,  I 
will  try  to  give  an  overview  of  these  transitions  which  are  now  spawning  widespread  research  and  development  of  III-V 
based  integrated  devices. 
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Such  devices  include  Resonant  Tunnelling  Diodes  (RTD's)’'"  which  can  operate  at  room  temperature  as  fundamental  solid 
state  source,  Heterostructure  Barrier  Varactors  (HBVs)  which  now  compete  with  conventional  Schottky  varactors  for 
harmonic  multiplication,  and  Heterostmcture  Schottky  diodes  for  mixing  In  terms  of  passive  circuits  components,  this 
concerns  membrane-like  transmission  elements  for  electromagnetic  waves,  surface  micromachined  access  regions.  Section 
2  deals  with  Resonant  Tunnelling  Diodes  intended  to  operate  as  fundamental  solid  state  somces.  Heterostmcture  Barrier 
varactors  are  considered  in  section  3  for  harmonic  multiplication  while  section  4  will  be  devoted  to  the  studies  on  Schottky 
diodes  for  subharmonically  pumped  mixers 

2.  RESONANT  TUNNELLING  DIODES 

Basically,  the  advantage  of  using  semiconductor  heterojunctions  are  numerous  from  the  device  physics  to  the  technological 
points  of  view.  In  particular,  a  band  gap  engineering  approach  is  possible  for  alleviating  most  of  the  trade-offs  which  have 
to  be  satisfied  in  the  design  and  in  the  fabrication  of  Terahertz  devices.  On  the  other  hand,  on  the  short  scale,  new  physical 
effects  are  involved  with  notably  the  occurrence  of  quantum  effects  when  electron  wavelength  compares  to  the  stracture 
dimension.  Resonant  Tunneling  Diodes  are  representative  of  this  new  class  of  quantum  devices  The  generic  stmcture 
consists  of  a  Double  Barrier  Heterostmcture.  This  creates  a  quantum  well  whose  quantum  levels  can  be  occupied  through  a 
tunneling  process.  The  conjunction  of  a  tunneling  process,  enhanced  by  a  resonance  effect,  and  of  quantum  size  effects  give 
rise  to  strong  nonlinearity  in  the  current  voltage  characteristics  with  negative  differential  resistance  effects  ‘*‘®.  However,  to 
be  observed  at  room  temperature  with  a  significant  contrast  between  the  on  -resonance  and  off  -resonance  state,  one  of  the 
first  requirement  is  to  shrink  the  barrier  dimension  in  order  to  increase  by  this  means  the  quantum  probabilities.  Also,  as  a 
consequence,  the  life  time  of  trapped  carriers  on  the  quasi-bound  state  becomes  very  short,  on  picosecond  or  subpicosecond 
scales.  This  means  that  the  relevant  time  constant  involved  in  the  resonant  tunneling  process  can  be  kept  short  with  the 
associated  benefit  of  an  intrinsic  high  frequency  capability.  To  summarize  at  this  stage,  a  resonant  tunneling  diodes  is 
potentially  able  to  operate  at  very  high  frequency  provided  the  barrier  thicknesses  (Lb)  are  thin  enough,  in  practice  less  than 
9nm  hi  addition,  this  increase  (exponential  dependence  with  Lb)  in  the  tuimeling  quantum  transmission  probabilities  results 
in  a  dramatic  increase  in  the  current  density.  In  terms  of  rc  time  constant,  where  the  resistive  part  is  due  to  the  quantum 
conduction  mechanisms,  this  means  that  this  increase  in  tihe  associated  conductance  benefits  a  high  cut  off  frequency. 
Conversely,  the  current  contrast  is  decreased  and  one  of  the  key  feature  in  the  design  of  high  performance  RTD's  is  to 
preserve  a  high  peak-to  valley  current  ratio  while  maintaining  a  high  current  density. 

With  these  requirement  in  mind,  let  us  now  consider  the  choice  of  a  material  system  which  are  mainly  InP-based  or  GaAs 
based  starting  from  a  semi-insulating  substrate  for  subsequent  planar  integration.  The  first  demonstration  of  pronounced 
negative  differential  conductance  effects  was  demonstrated  in  the  AlGaAs/AlAs  with  concentration  of  aluminum  between 
0.3  and  0.7.  For  the  former  content  the  conduction  discontinuity  at  the  GaAs  /AI0.3  Gao.7  heterointerface  was  quite  low  in  the 
200-300  eV  range.  Increasing  the  aluminum  contents  results  in  a  increase  in  AEc.  However,  we  are  facing  the  problem  -X 
cross  over  F.  This  should  be  also  verified  if  a  AlAs  barrier  is  used.  In  practice  however  the  thickness  of  the  barrier  plays  an 
important  role  in  the  respective  importance  of  tunneling  mechanisms  through  the  X  or  the  F  states.  Therefore  for  thin 
barrier  it  is  found  that  AlAs  /GaAs  heterostructures  is  the  better  choice  for  a  Terahertz  operation. 

Another  advantage  stems  from  the  fact  that  pseudomorhic  layers  can  be  grown  which  incorporates  locally  a  certain  content 
of  Indium  increasing  by  this  way  the  discontinuity  between  the  narrowest  gap  material  and  the  widest  gap  one.  Such  a  band 
gap  engineering  via  the  pseudomorphic  growth  of  InGaAs  layer  is  illustrated  in  Figure  1  which  shows  the  epitaxial 
sequence  of  a  resonant  tunneling  aimed  at  operating  at  millimetre  wave  frequency.  The  quantum  well  also  contains  an 
InGaAs  perturbation  and  the  overall  stracture  can  be  compared  to  triple  well  double  barrier  structure.  Before  any  processing 
techniques,  it  is  often  preferable  to  carry  out  some  calculations  in  order  to  have  some  estimate  of  the  current  density 
identified  as  a  key  figure  of  merit  first  and  of  the  characteristic  peak  and  valley  voltage.  This  can  be  performed  by  means  of 
self  consistent  calculation  of  the  band  bending  first  followed  by  the  modeling  of  the  quantum  transmission  probabilities. 
The  last  stage  is  the  derivation  of  the  Current-voltage  curve  via  the  computation  of  the  integral  of  current.  Figure  2  shows 
typical  results  computed  for  a  RTD  for  a  room  temperature  operation.  In  the  present  case,  the  onset  of  conduction  is 
immediate  with  a  quasi-linear  rise  in  the  current  value  at  increasing  voltage.  At  the  peak  voltage  the  current  suddenly 
decreases  over  practically  one  Volt  before  increasing  again.  The  peak  current  density  is  200  kA  /cm^. 
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Figure  1  Epitaxial  sequence  for  a  RTD  in  InP-based 
technology 


Figure  2  :  Illustration  of  band  gap  engineering  for  RTD's  in 
inset .  Calculated  current-voltage  characteristic 


The  next  step  in  the  optinmation  is  the  fabrication  of  the  devices  which  has  to  be  planarly  integrated.  It  was  early 
recognized  that  the  conventional  whisker-contacted  technology  which  was  of  great  help  to  radioastronomy  development 
caimot  be  used  for  a  broader  application  range.  Basically,  the  planar  integration  of  such  devices  face  two  major  difficulties. 
The  first  one  is  that  the  devices  has  to  be  integrated  by  defining  small  area.  An  order  of  magnitude  is  Ipm^.  Contacting  this 
very  small  active  region  to  the  external  circuit  has  also  to  be  made  by  means  of  low  parasitic  interconnecting  techniques.  In 
practice  this  implies  the  use  of  air  bridge  contacting  technology  which  is  quite  common  in  MMIC  technology  especially  for 
coplanar  lines  but  require  a  real  skill  on  micron  and  submicron  scale.  To  illustrate  the  difficulty  of  such  an  integration  by 
means  of  a  an  air  bridge  we  show  in  Figure  3  the  Scanning  Electron  Micrograph  of  a  RTD  interconnected  to  the  external 
circuit  with  an  evaporated  air  bridge.  Thick  metallisation  are  necessary  for  mechanical  stability  and  low  contacting 
resistance  reasons.  Figure  4  gives  the  current-voltage  characteristic  which  can  be  compared  to  the  calculated  data  (Figure 
2). 


3  SEM  of  a  RTD  planar  integrated 


Figure  4  Current-voltage  characteristics  measured  at  300K 


3.  HETEROSTRUCTURE  BARRIER  VARACTORS 

At  the  end  of  1980's,  several  research  groups  were  involved  in  nonlinear  applications  of  Resonant  Tuimelling  Diodes  which 
were  outlined  above.  Besides  the  effort  devoted  to  fundamental  generation,  several  attempts  have  been  also  made  to  take 
advantage  of  the  Negative  Differential  Conductance  effects  for  harmonic  multiplication  In  this  context,  it  was  soon 
recognised  that  the  non  linear  feature  of  the  diode  capacitance  characteristic  also  influences  the  overall  efficiency. 
Subsequently,  E.  Kollberg  and  A.  Rydberg  were  the  first  to  propose  the  concept  of  a  single  barrier  varactor  in  1989  with 
the  acronym,  at  that  time,  of  Quantum  Barrier  Varactor.  For  generic  stmctures  however,  namely  those  consisting  of  a 
heterostmcture  barrier,  sandwiched  between  two  cladding  layers,  the  electrical  behaviour  was  foimd  to  be  comparable  to 
that  of  Schottky  varactor  diodes.  Quantum  effects  affect  mainly  the  leakage  current  characteristics  due  to  tunnelling  of 


99 


carriers  through  the  heterostructure  barrier.  This  is  not  the  case  for  HBV  structure  which  include  two  quantum  wells  on  each 
side  of  the  blocking  barrier  for  which  quantum  size  effects  play  a  major  role. 

Basically,  It  can  be  seen  that  Heterostructure  Barrier  Varactors  have  potential  advantages  over  their  Schottky  counterparts 
and  very  promising  results  have  been  reported  in  the  literature  The  key  advantage  is  the  symmetry  of  the  capacitance- 
voltage  characteristic  about  zero  Volt.  Such  symmetry  improves  dramatically  the  functionality  of  devices  since  only  odd 
harmonics  are  generated  in  harmonic  multiplication.  Symmetrical  C-V  relationship  can  also  be  achieved  with  back-to-back 
Schottky's  but  its  was  shown  that  self-biasing  effects  impede  the  variation  of  elastance  when  the  devices  are  driven  in  a 
large  signal  regime  Secondly,  several  degrees  of  freedom  are  afforded  by  the  use  of  semiconductor  heterojunctions  and 
novel  structures,  notably  those  making  use  of  a  quantum  well/barrier  or  a  delta  doping  configuration  can  be  fabricated  to 
tailor  the  C-V  characteristics.  Another  important  advantage  stems  from  the  fact  that  the  devices  can  be  vertically  stacked 
during  epitaxy.  This  epitaxial  integration  is  a  welcome  feature  in  terms  of  voltage  handling  and  capacitance  levels. 

However,  HBV's  exhibit  some  drawbacks.  First  of  all,  the  epitaxial  quality  is  of  prime  importance  and  highly  perfect 
epilayers  has  to  be  grown.  Sometimes  the  efforts  made  in  order  to  improve  the  device  performances  by  elegant  band  gap 
engineering  are  ruined  by  a  high  leakage  current  through  defect-assisted  spurious  tunnelling  effects.  Also,  it  is  difficult  to 
achieve  High  barrier  heights,  of  typically  0.7  eV,  by  comparison  with  the  built-in  potential  of  Schottky  barrier.  Finally,  we 
have  only  ohmic  contacts  which  complicate  device  integration  especially  for  small-area  devices. 

In  order  to  illustrate  the  design  rules,  let  us  consider  the  epitaxial  material  depicted  in  Figure  5  grown  by  gas  source 
molecular  beam  epitaxy,  starting  from  a  semi-insulating  Fe-doped  InP  substrate.  Two  basic  In^  53Gao.47As  /Ino  52Alo48As 
/AlAs  /Ino,52Alo,48As  /Ino,53Gao.47As  layered  structures  were  series  integrated  during  the  same  epitaxy.  It  can  be  shown  that 
the  device  characteristics  scale  with  epilayer  complexity.  Hence,  the  voltage  breakdown  is  twice  that  of  the  single  barrier 
device  whereas  the  capacitance  is  half  the  value  for  one  barrier.  The  design  of  epilayers  was  carried  out  by  means  of  an  in- 
house  Sehrodinger  and  Poisson  equations  solver.  For  a  given  epilayer  sequence,  the  code  permits  us  to  compute  the  band 
bending  profile  along  with  the  electron  wave-function  with  the  purpose  to  reduce  drastically  the  leakage  current  while 
maintaining  a  high  capacitance  ratio. 
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Figure  5  Growth  sequence  for  HBv's  in  Dual  barrier  Figure  6  Conduction  band  profile  calculated  self  consistently 
configuration  by  solving  Sehrodinger  and  Poisson  equations 

Figure  6  illustrates  diis  theoretical  approach  of  the  conduction  (I-V  curve)  and  storage  mechanisms  (C-V  relationship).  We 
plotted  the  conduction  band  edge  as  a  function  of  distance  for  a  one-barrier  device  biased  at  4  V  having  the  growth 
parameters  listed  in  Figure  5.  An  accumulation  region  forms  in  front  of  the  heterostructure  barrier  in  a  quasi-triangular 
quantum  well.  A  computation  of  the  sheet  carrier  density,  ns_  via  the  electron  wavefunction  as  a  function  of  voltage  is  a 
direct  calculation  (after  derivating  rij  with  respect  to  voltage)  of  the  expected  C-V  characteristic.  To  illustrate  the  conduction 
mechanisms,  we  have  also  plotted  the  wave-function  corresponding  to  die  leakage  current  via  a  tunneling  mechanism 
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This  tunneling  process  explains  the  conduction  mechanisms  at  moderate  voltages.  In  contrast,  the  breakdown  conduction, 
around  6  V  for  the  device  imder  consideration,  is  due  to  impact  ionization.  It  is  worth-noting  that  this  characteristic 
tunneling  energy  is  several  hundred  meV  (>600meV)  and  hence  is  much  higher  than  the  relevant  energy  value  involved  in  a 
GaAs  technology.  For  instance,  the  relevant  characteristic  energy  would  be  about  180  meV  for  a  GaAs/AlojGaojAs/GaAs. 
This  is  the  fundamental  reason  why  the  voltage  handling  of  InP-based  diodes  is  dramatically  improved.  In  practice  an 
improvement  of  a  factor  of  three  can  be  pointed  out  (6V  instead  of  typically  2  V).  Figure  7  shows  the  device  layout. 


Figure  7  Layout  of  fabricated  HBV's  in 
InP  based  technology 


Voltage  (V) 

Figme  8  Illustration  of  non  linearity 
for  a  Dual  Barrier  Heterostructure 


Figure  8  displays  the  nonlineraty  achieved  experimentally  for  two  barriers  in  series  which  correspond  to  a  Dual 
Heterostiucture  Barrier  Varactor  (DHBV).  The  symmetry  in  the  C-V  characteristic  is  excellent.  This  is  advantageous  for 
efficiently  rejecting  the  even  harmonics  as  shown  in  section  5.  The  zero-bias  voltage  is  IfF/pm^.  The  capacitance  ratio  is 
6: 1  Also  plotted  in  Figure  8  is  the  voltage  dependence  of  the  conductance  of  the  device.  Note  the  unit  of  the  conductance  in 
nS/pm^  The  voltage  handling  of  such  a  device  is  thus  remarkable  with  a  "safe"  peak-to-peak  operating  voltage  range  of  at 
least  20  V.  In  addition  to  the  careful  design  of  the  blocking  barrier,  special  attention  has  also  to  be  paid  to  the  adjacent  layer 
that  greatly  influences  the  trade-off  between  current  saturation  effects  and  achievable  capacitance  ratio.  The  former  can 
be  overcome  by  increasing  the  doping  concentration.  The  latter  is  related  in  first  approximation  to  the  ratio  between  the 
barrier  thickness  (the  screening  length  has  also  to  be  taken  into  account  for  a  better  estimate)  and  the  depletion  layer 
thickness  as  seen  in  the  following  section  in  GaAs  technology.  Also,  some  band  gap  engineering  has  to  be  implemented  to 
increase  the  conduction  band  offset.  Turning  now  to  the  device  technology  challenges,  firstly  we  have  to  mention  that 
several  stages  can  be  distinguished  aimed  at  the  characterisation  of  devices  at  the  wafer  level  or  in  a  multiplier  block.  On 
the  other  hand,  it  seems  preferable  to  fabricate  a  set  of  devices  by  varying  their  topology.  Towards  this  goal,  we  included  in 
the  mask  set  a  large  variety  of  configuration  in  the  device  area  and  in  the  level  of  planar  integration.  From  figme  7  which  is 
an  optical  view  of  the  layout  prior  to  the  implementation  of  the  air  bridges,  three  kinds  of  devices  have  been  patterned  on 
the  mask  set.  The  simplest  is  of  coaxial-type.  It  consists  of  a  mesa-etched  circular-shaped  device  with  a  concentric  ring 
shaped  side  contact.  It  is  used  for  rapid  assessments  of  current-voltage  and  capacitance-voltage  characteristics  without  the 
requirement  of  an  air-bridge  contacting  technology 
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quadruple  barrier  device. 

Conventional  fabrication  technologies  were  employed  with  sequential  Ni/Ge/Au/Ti/Au  overlay  for  the  ohmic  contact 
fabrication  and  H3PO4/H2O2/H2O  solution  for  the  wet  etching  of  isolation  mesa  taking  advantage  of  the  high  selectivity 
between  InGaAs  and  InP.  For  the  metallisation  of  the  air-bridges,  we  employed  either  an  electroplating  technique  or 
evaporation  procedure.  For  the  latter  option,  we  developed  a  pyrolyzation  technique  of  photo-resists  which  results  in  a 
convex  shaped  temporary  mold  for  thin  metal  film  evaporation. 

The  main  purpose  of  the  small  signal  measurements  was  to  derive  an  equivalent  circuit  of  devices  for  the  subsequent 
harmonic  balance  simulations.  The  intrinsic  nonlinear  capacitance-voltage  characteristics  can  be  measured  without  de¬ 
embedding  techniques  by  means  of  coaxial  type  configuration  not  only  at  low  frequency  but  also  at  a  frequency 
corresponding  to  the  pump  frequency  (@83.3  GHz  for  the  application  reported  in  flie  present  work).  On  the  other  hand  it  is 
worth  mentioning  that  this  kind  of  preliminary  experiments  gives  some  estimate  of  the  series  resistance  on  the  basis  of  the 
impedance  analysis.  Experimentally,  we  measured  a  few  ohms,  the  exact  value  depending  on  the  area,  despite  the  fact  that 
large  anode  contacts  were  used.  In  addition,  TLM  measurements  by  means  of  the  resistance  ladder  were  performed  yielding 
a  resisivity  of  typically  1x10'’  O  cm^  .  This  clearly  shows  the  benefits  of  using  a  low  band  gap  InGaAs  contacting  layer  and 
high  doping  concentration  (~  5xl0'*  cm'^).  This  means  that  the  contact  resistance  is  less  than  IQ  for  an  area  greater  than 
lOpm^.  Subsequently,  the  CPW  test  pattern  was  used  to  deduce  the  equivalent  circuit  for  airbridge-contacted  devices.  In 
that  case,  we  must  include  the  extrinsic  elements  which  are,  in  a  first  approximation,  the  self  inductance  due  to  the  air 
bridge  and  the  pad-to-pad  capacitance.  The  self-inductance  resonates  with  the  capacitance  elements  notably  the  diode 
capacitance  which  can  be  tuned  either  by  a  change  in  the  bias  voltage  or  in  the  diode  area  (Figures  11  and  12).  This  well 
defined  resonance  which  can  be  carefully  recorded,  provided  the  measurements  are  performed  in  a  broad  band,  permits  us 
to  derive  a  complete  equivalent  circuit  without  ambiguity. 


Frequency  (GHz) 

Figure  1 1  Small  signal  impedance  mesaurements  for  HBVs 
for  various  diode  areas 
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Figure  12  .  Influence  of  bias  voltage  on  resonance  effects 


By  means  of  this  procedure  we  have  measured  the  series  resistance  which  is  the  key  parameter  for  achieving  a  high  cut-off 
frequency  and  hence  high  device  performance:  Rs  =3.8  Q  for  a  30pm^,  2.5  Q  for  60  pm^  and  2.2  Q  for  a  121  pm^  device. 
One  can  note  that  the  series  resistance  does  not  scale  with  area  as  expected  when  the  spreading  resistance  plays  the  major 
role.  From  the  data  extracted  from  the  both  types  of  measurements  (coaxial-  and  CPW-type)  an  estimate  of  the  cut-off 
frequency  of  the  diodes  can  be  obtained.  We  thus  calculate  f^  =  1.5  THz  and  2.1  THz  respectively  for  DBH's  of  60  and  30 
pm^  area  from  the  small  signal  measurements. 

The  multiplier  block  used  for  the  triplet  measurements  at  250  GHz  is  a  crossed  wave  guide  type  mount  with  a  design  in  a 
similar  fashion  to  the  Archer's  one  with  wave-guides  coupled  through  a  low-pass  stripline  filter.  The  pump  power  incident 
in  the  full-height  WR-8  waveguide  is  fed  to  the  planar  integrated  diode  through  a  stripline  E-plane  transition  and  through 
the  low  pass  filter  implemented  on  a  75  pm-thick  quartz  substrate.  Impedance  matching  at  Ihe  pump  power  is  achieved 
using  two  sliding  non  contacting  backshorts.  The  output  was  also  equipped  with  two  backshorts.  On  the  other  hand,  the 
multiplier  block  differs  from  that  of  the  Archer's  tripler  design  by  the  full-height  output  waveguide  where  the  diode  chip  is 
mounted  in  a  flip-chip  technology  using  a  conductive  epoxy.  For  mounting  purpose,  the  diode  samples  were  first  thinned  to 
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a  thickness  of  about  lOOum  by  a  HCl  wet  etching  and  then  diced  into  discrete  devices.  The  overall  chip  dimensions  are 
thus  100x220x100  pm^. 


Figure  13  Performance  achieved  at  ENS 
with  a  6pm  diameter  device 


RAL  Fmquency  TiiplerHBV-2  @  246GHz  Using  a  Lille  2x4x12pm  INP  HBV 
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Figure  14  Performance  measured  at  RAL.  4xl2pm^ 
Finger-shaped  contact 


In  comparison  to  our  previous  experiment  with  2xl2pm^  samples  reported  previously  ”  with  5%  efficiency  and  5mW 
output  power  at  216  GHz  a  significant  increase  in  efficiency  and  frequency  capability  has  been  achieved.  The  new  low-loss 
block  multiplier  can  explain  this  improvement.  On  the  other  hand,  the  influence  of  device  impedance  which  is  varied  by 
changing  the  device  areas  is  now  clear.  In  the  RAL  experiment  (Figure  14),  large  area  devices  have  been  used  (48pm^).  No 
saturation  effects  in  the  output  power  variation  versus  input  power  can  be  seen  and  it  is  believed  that  much  higher  power 
could  be  delivered  at  higher  pump  level.  In  the  ENS/OBS  experiments  (Figure  13)  smaller  area  devices  have  been  tested  (28 
pm^).  Under  these  conditions  the  devices  can  be  driven  at  reduced  power  in  non  linear  regime.  At  last,  let  us  mention  that 
in  this  later  case  the  output  waveguide  was  WR  4  and  this  permitted  us  to  measure  the  second  harmonic  content  which  was 
found  to  be  -25  dB  below  the  third  harmonic.  This  very  good  rejection  of  the  even  harmonic  is  a  direct  consequence  of  the 
excellent  symmetry  in  the  capacitance-voltage  characteristics.  In  the  short  term,  it  is  believed  that  this  very  good 
performances  with  simultaneously  high  output  power  and  efficiency  can  be  further  improved  with  the  rf  testing  of  eight 
barrier  samples. 


4.  SCHOTTKY  DIODES 

The  third  key  component  in  ultra  high  frequency  nonlinear  electronics  is  the  Schottky  diode  which  is  notably  used  in 
heterodyne  reception  at  room  temperature.  In  that  case,  we  take  advantage  of  the  exponential  variation  of  current  versus 
voltage  imder  bias  condition  for  down  converting  the  rf  signal.  At  increasing  frequency,  one  of  the  main  difficulty  stems 
from  the  lack  of  local  oscillator  which  deliver  sufficient  power  for  optimal  operation.  As  a  consequence,  it  may  be  wise  to 
use  a  mixer  that  is  pumped  at  half  the  rf  frequency  and  to  mix  the  rf  signal  wi&  the  second  harmonic.  Such  subharmonically 
pumped  mixers  have  exhibited  excellent  performances  over  die  past  at  millimetre  wavelengths  with  conversion  efficiency 
only  slightly  worse  than  comparable  fundamental  mixers.  Successfiil  operation  of  subharmonically  pumped  mixers  requires 
a  antiparallel  configuration  for  mounting  the  diodes  with  a  very  good  circuit  balance.  In  particular,  the  associated  diodes 
and  the  parasitics  due  to  interconnecting  elements  must  have  identical  characteristics.  At  ultra  high  frequencies,  this  balance 
can  be  very  difficult  to  reach,  especially  for  whisker  contacted  diodes.  For  this  reasons,  the  planar  integration  of  the  devices 
is  essential  for  successful  operation  at  Terahertz  firequency  while  maintaining  a  low  parasitic  environment.  This  is  one  of  the 
main  difficulties  for  the  development  of  high  performance  subharmonic  mixers.  In  additions  a  munber  of  improvement  has 
to  be  brought  in  the  devices  conception  and  fabrication.  On  one  hand,  the  series  resistance  has  to  be  as  low  as  possible  for 
increasing  the  device  cut-off  firequency.  This  implies  notably  to  use  narrow  gap  for  access  region.  In  this  case,  it  is  possible 
to  drastically  decrease  the  buit-in  potential  of  the  Schottky  contact  with  the  associated  benefit  of  a  limited  pump  power. 

In  the  following  section,  I  will  try  to  illustrate  these  various  issues  by  considering  first  the  design  of  epilayers.  It  is  now  well 
know  that  a  low  resistance  ohmic  contact  requires  a  low  gap  material.  This  generally  in  contrast  to  the  fabrication  of  high 
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threshold  voltage  Schottky  contact  for  which  it  is  imperative  to  deposit  the  metal  on  wide  gap  semiconductor.  On  the  other 
hand,  using  a  low  gap  material  is  often  synonymous  with  electron  high  mobility  and  of  high  doping  concentration.  The 
flexibility  afforded  by  the  use  of  heterojunetion  cannot  be  denied.  Let  us  now  consider  two  kinds  of  epilayers  which  permits 
us  to  point  out  the  limitations  of  such  band  gap  engineering  especially  with  respect  to  the  ideality  factor.  In  Figure  15,  we 
plotted  for  comparison  the  current-voltage  characteristics  calculated  in  (a  )  with  a  InGaAs  active  layer  in  (b)  when  a  thin 
InAlAs  layer  is  inserted  between  the  schottky  contact  and  the  InGaAs  layers.  All  epilayer  are  assumed  lattice  matched  to  the 
InP  substrate  with  a  Aluminium  concentration  of  0.  47  and  0.48  respectively.  In  both  cases,  the  doping  concentration  in  the 
InGaAs  layer  is  2x10  cm"^  for  a  nominal  thickness  of  0.1  pm.  The  access  region  consist  of  a  lor  2  pm  thick  Ino^yGao.ssAs 
layer  doped  to  lx  10  cm'^.  As  expected  the  introduction  of  a  surface  wide  gap  material  modulates  the  threshold  voltage, 

whieh  in  practice  could  be  varied  between  0.  15  and  0.  7  eV.  The  former  corresponds  to  a  full  InGaAs  epilayer  with  a  steep 
increase  in  the  current-values  for  an  onset  of  conduction  close  to  0.1  V.  Under  reverse  bias  the  conduction  is  stopped  but  the 
threshold  voltage  for  impact  ionisation  is  limited.  With  the  insertion  of  an  InAlAs  layer  all  the  relevant  voltages  are  pushed 
to  higher  values  but  to  the  detriment  of  the  non  linearity  of  the  conduction  characteristics.  Therefore,  there  exist  a  trade-off 
in  the  conduction  behaviour  of  the  devices  and  the  next  stage  is  to  study  in  what  extent  these  variations  in  the  ideality  factor 
and  buit-in  potential  influence  the  performance  of  the  subharmonic  mixer  in  terms  of  conversion  efficiency  and  noise 
temperature. 


(a)  0. 1  pm-thick  InGaAs/1  pm-InGaAs/  SI  InP  substrate  (b)  0.02-thick  InAlAs/  0. 1  pm  thick  InGaAs  /SI  InP 

Figure  15  Current- voltage  characteristics  calculated  by  self  consistently  solving  the  Poisson  and  Schrodinger  equations 


Turning  now  to  the  design  of  the  subharmonically  pumped  mixer,  we  plot  in  Figure  16  the  variation  of  the  conversion 
efficiency  for  a  room  temperature  subharmonic  operation  for  various  values  of  ideality  factors.  It  can  be  seen  that  an 
inerease  in  the  values  of  ti  does  not  degrade  the  down  conversion  efficiency  but  the  optimum  pump  power  is  accordingly 
increased.  For  the  present  simulation  carried  out  by  means  of  the  commercial  software  Microwave  Design  System®  of  HP , 
the  built-in  potential  was  0.  25  V.  With  a  value  for  p  of  1.  4  the  optimum  required  local  oscillator  would  be  -2  dBm  (less 
than  ImW.  In  contrast,  any  increase  in  p  degrades  the  noise  properties  by  typically  IdB  in  the  range  investigated  with  an 
average  value  of  10  dB  (Figure  17). 
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I  a)  i*ol  sur  la  diode  en  dBm 


Figine  16  Conversion  efficiency  versus  pump  power 


Figure  17  Influence  of  the  ideality  factor  on  the  noise  figure 
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Figure  18  Conversion  efficiency  as  a  function  or  the  pump 
power  with  the  buit-in  potential  as  a  parameter 
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a)  Pol  sur  la  diode  en  dBm 


Figure  19  Noise  Figure  versus  LO  power  for  various  values 
of  built-in  potentials 


The  role  played  by  the  built  in  potential  in  the  achievement  of  good  performance  is  illustrated  in  Figure  18  (conversion 
efficiency)  and  in  Figure  19  (  Noise  Figure).  It  can  be  noted  that  the  counterpart  of  any  decrease  in  the  threshold  for 
conduction  offset  is  a  degradation  of  both  in  conversion  efficiency  and  noise  temperature.  Again  a  trade-off  is  necessary  to 
establish  between  the  required  pump  power  and  the  targeted  performances.  In  order  to  get  a  further  insight  into  the  impact 
of  the  technology  let  us  now  consider  the  processing  techniques  on  the  basis  of  a  planar  integration  of  the  devices.  Most  of 
the  guides  lines  discussed  previously  can  also  be  applied  to  the  fabrication  of  Shottky's  but  several  specific  points  have 
however  to  be  taken  into  account.  The  first  one  is  the  necessity  to  shrink  drastically  the  lateral  dimension  of  the  diodes  to 
met  the  requirement  first  of  a  low  capacitance  and  secondly  to  decrease  as  far  as  possible  the  series  resistance.  In  fact, 
various  contributions  can  be  identified  in  the  overall  series  resistance  and  notably  the  resistance  of  contact  metal  and  the 
spreading  resistance.  For  the  latter,  is  can  be  demonstrated  that  a  huge  improvement  can  be  obtained  by  implementing 
finger-shaped  contacts  rather  than  circular  shaped  anodes  surrounded  by  an  ohmic  contact  in  very  close  proximity.  In 
addition,  the  overall  area  should  be  in  the  Ipm^  range,  this  means  that  the  lateral  dimension  are  on  submicron  scale.  Similar 
criteria  are  encountered  for  High  Electron  Mobility  transistors  and  the  topology  implemented  for  the  realisation  of  High 
speed  HEMT  can  be  adapted  for  the  fabrication  of  Terahertz  Schottky  notably  the  T-gate  or  Mushroom  gate  topology. 
Another  key  point  is  the  parasitic  capacitance  whose  influence  was  pointed  in  several  studies  Various  contributions  can 
be  foreseen  but  with  a  major  contribution  due  to  the  pad-to  pad  capacitance.  In  order  to  decrease  this  parasitic  term  is  to  use 
the  surface  channel  approach  which  consist  in  a  deep  surface  etching  so  that  the  self  sustaining  air  bridge  is  crossing  a  wide 
air  gap.  On  the  basis  of  these  fabrication  guide  lines,  extremely  small  area  Schottky  diodes  can  be  fabricated  in  a  an 
antiparallel  configuration.  Figure  20  shows  a  Scaiming  electron  microphotograph  of  the  mould  which  served  for  fabricating 
the  T  gate.  The  patterning  was  performed  by  means  of  a  LEICA  HRPG  with  a  nominal  width  for  the  gate  of  0. 1  pm.  The  T 
shape  was  obtained  making  use  of  a  bi-layered  MMA/PMMA  resist  profile.  For  the  fabrication  of  air  bridge,  temporarily 
sustained  by  a  resist  layer,  and  for  the  definition  of  pillar  on  die  circuit  side  we  used  some  variations  of  dose  in  order  to 
write  the  mould  for  the  whole  interconnecting  metallisation  and  contact  material  in  one  step  (Figure  21). 


Figure  20  SEM  of  the  mould  which  is  used  for  processing  in 
one  step  the  contacting  and  interconnecting  elements 


Figure  21  SEM  view  of  the  T  shaped  Schottky  contact 


105 


Figure  22  show  a  Scanning  Electron  Microphotograph  of  a  Schottky  diode  planar  integrated  in  a  Coplanar  waveguide 
configuration  in  order  to  wafer  probe  the  devices  up  to  110  GHz.  These  measurements  of  the  air  bridges  contacted  devices 
over  a  quite  broad  band  permits  one  to  define  the  lumped  circuit  elements  which  can  be  subsequently  used  for  harmonic 
balance  simulations.  Similar  resonance  effects  than  those  found  for  HBV  devices  can  be  pointed  out.  In  the  frequency 
dependence  of  the  small  signal  impedance  seen  at  the  two  terminals  whose  resonant  frequency  can  be  of  great  help  for 
accurate  determination  of  lumped  elements.  For  large  signal  analysis  the  diodes  can  be  integrated  in  an  anti-parallel  scheme 
as  exemplified  in  Figure  23.  Two  diodes  are  facing  each  other  and  are  interconnected  by  two  pads.  A  surface 
micromachining  stage  etching  deeply  into  the  Semi-insulating  InP  substrate  lowered  as  explained  above  the  parasitics 
capacitance.  These  kind  of  devices  relying  on  an  InP  technology  have  been  successfully  fabricated  in  several  laboratories 
over  the  world  and  have  shown  promise  for  the  down  conversion  under  subharmonically  condition  at  200  and  500  GHz  . 


Figure  22  SEM  of  a  single  Shottky  device  in  a  Coplanar 
Wave-Guide  configuration 


Figure  23  SEM  of  an  antiparallel  diode  scheme 
planarly  integrated 


5.  CONCLUSION 

In  conclusion,  the  Terahertz  field  has  now  experience  a  profound  change  resulting  from  the  recent  advances  in  the  growth 
of  multi-layered  heterotructure  on  short  scales  and  in  planar  integration  techniques.  For  each  non  linear  functions  involved 
in  heterodjme  reception  and  more  generally  in  reception  head,  some  novel  devices  can  be  implemented  which  now  compete 
in  terms  of  frequency  capability  and/or  power  delivering  with  respect  to  more  conventional  devices.  The  use  of 
semiconductor  heterostructures  appears  vital  in  the  improvement  of  performances  for  the  enhancement  of  functionality. 
This  is  notably  the  case  for  resonant  tunnelling  diodes  whose  barrier  control  enables  now  to  fabricate  high  current  devices 
in  excess  of  100  kA/cm^  while  preserving  a  high  contrast  between  the  on-and  off-resonant  states.  So  far  RTD's  have  no 
solid  state  competitor  for  operating  in  the  submillimetre  wave  range.  In  counterpart  the  delivered  power  is  in  the  microwatt 
range  at  submillimetre  wavelengths.  HBV's  do  not  suffer  frm  this  power  lumtation  and  have  exhibited  record  performance 
in  the  upper  part  of  the  millimeter  wave  spectrum.  Extension  of  these  studies  to  higher  frequencies  is  envisaged  but  some 
scaling  rules  for  the  doping  concentrations  and  dimensions  has  to  be  fulfilled.  Heterostructure  Schottky's  have  shown  very 
promising  results  for  subhramonivcally  pumped  mixers  aimed  at  operation  in  the  500-600  GHz  frequency  band.  The  use  of 
heterotructure  in  conjxmction  with  low  gap  materials  appears  favourable  to  Imut  the  pump  signal  for  driving  the  devices  in 
non  linear  regime.  It  is  believed  that  further  improvement  can  be  achieved  by  a  three  dimensional  integration  of  the  devices 
making  advantge  of  epitaxial  stacking  and  air  bridging  techniques. 
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ABSTRACT 

In  this  communication,  we  report  on  the  design  and  the  fabrication  of  quantum  well  barrier  varactor  structures  with  state  of 
the  art  results  in  terms  of  capacitance  ratio  over  a  narrow  voltage  range.  Basically,  the  fact  to  consider  is  a  barrier  cladded  by 
two  quantum  wells  with  respect  to  a  single  barrier  heterostructure.  It  has  several  consequences  for  the  non  linear  character  of 
the  device.  The  capacitance  mechanism  is  governed  at  low  voltage  by  the  electron  population  rates  of  the  quantum  well  rather 
than  the  conventional  depletion  mode  process.  A  true  band  gap  capacitance  engineering  is  here  demonstrated  with  three  kinds 
of  structures  either  in  the  InP  material  system  with  a  InGaAs/InAs/AlAs  heterostructure  or  in  the  GaAs  material  system  with 
GaAs/InGaAs/AIAs  pseudomorphic  epilayers  and  lattice  matched  AlGaAs/GaAs/AIAs  heterojimctions.  Self-consistent 
simulations,  based  on  the  solution  of  Poisson  and  Schrodinger  coupled  equations  system,  were  performed  in  order  to 
calculate  the  electron  wave  function  and  the  conduction  band  bending.  High  capacitance  ratios  can  be  predicted  depending  on 
material  parameters  and  structure  geometry.  Test  samples  were  then  fabricated  and  rf  tested.  The  devices  exhibit  very  high 
capacitance  ratios  in  excess  of  5:1  over  a  IVolt  range. 

Keywords;  Heterostructure  barrier  varactor,  harmonic  multiplication.  Terahertz  frequency,  GaAs  material  system,  InP 
material  system,  Schrodinger-Poisson  solver,  quantum  capacitance. 


1.  INTRODUCTION 

Heterostructure  barrier  varactors  (HBV)‘  now  compete  with  Schottky  barrier  varactors  with  record  performance  at  millimeter 
wave  frequency  in  tripling  operation.  Their  electrical  properties,  namely  a  sharp  non-linearity  and  a  symmetrical  capacitance- 
voltage  characteristic  about  zero  volt,  greatly  enhance  the  functionality  of  devices  since  only  odd  harmonics  are  generated. 
Various  results  for  HBV  triplers  have  been  reported  in  hterature  between  200  and  280  GHz  for  GaAs  based  devices  . 
Recently,  we  report  record  performances  in  terms  of  maximum  efficiency  (12.3  %)  and  output  power  (in  excess  of  9  mW)  at 
247.5  GHz'*"^  for  an  InP  material  system  based  structure  which  consisted  of  two  InGaAs/InAlAs/AlAs  barriers  epitaxially 
stacked.  Further  developments  are  now  necessary  to  further  improve  the  non-linearity  of  the  devices  aimed  at  operating  at 
terahertz  frequency  in  the  context  of  a  reduced  drive  power.  Towards  this  goal,  we  report  here  on  the  design  and  the 
fabrication  of  quantum  well  barrier  structures  with  state-of-the-art  results  in  terms  of  capacitance  ratio  over  a  narrow  voltage 
range. 

Basically,  the  fact  to  consider  is  a  barrier  cladded  by  two  quantum  wells  with  respect  to  a  single  barrier  heterostmcture.  It  has 
several  consequences  for  the  non  linear  character  of  the  device.  First,  electrons  occupy  the  two-dimensional  density  of  states 
of  the  quantum  wells  under  equilibrium.  As  a  consequence  at  zero  bias,  the  blocking  barrier  is  sandwiched  in  very  close 
proximity  by  two  highly  populated  regions  while  maintaining  a  moderate  doping  level  in  the  adjacent  layers.  The  associated 
benefit  is  an  expected  increase  in  capacitance  ratio.  The  capacitance  mechanism  is  governed  at  low  voltage  by  the  electron 
population  rates  of  quantum  well  and  not  by  a  conventional  depletion  mode  process.  At  last,  there  exist  numerous  degrees  of 
freedom  opening  the  way  of  a  band  gap  capacitance  engineering.  In  this  commumcation,  the  idea  is  demonstrated  with  three 
kinds  of  structures  either  in  the  InP-based  material  system  with  InGaAs/InAs/AIAs  heterostnicture®’’  or  in  the  GaAs  based 
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system  with  GaAs/InGaAs/AlAs  epilayers  grown  imder  pseudomorphic  conditions®  and  lattice  matched  AlGaAs/GaAs/AlAs 
heterojunctions. 

The  paper  is  organized  as  follows :  In  part  2,  the  self  consistent  Poisson-Schrodinger  solver  is  briefly  described.  Part  3  is 
devoted  to  the  design  of  diodes  in  both  GaAs  and  InP  material  system.  Experimental  results  of  devices  fabricated^  and  rf 
tested'**  are  presented  and  discussed  in  Part  4.  Part  5  contains  concluding  remarks. 

2.  NUMERICAL  PROCEDURES 

A  heterosructure  barrier  varactor  consists  typically  of  a  wide  band  gap  semiconductor  sandwiched  by  two  symmetrical  n-type 
epilayers  having  a  smaller  band  gap.  The  central  barrier  prevents  conduction  through  and  over  the  heterojunction  while  each 
cladding  layer  can  be  depleted  under  reverse  and  forward  bias  conditions.  The  key  figures  for  capacitance  non  linearities  in 
varactor  structures  are  namely  the  maximum  capacitance  at  equilibrium  and  the  capacitance  ratio  extension  upon  voltage.  To 
reach  terahertz  frequency  operation,  one  has  to  maximize  the  former  and  to  minimize  the  latter  since  less  drive  power  for 
harmonic  multiplication  is  available  at  a  few  hundreds  of  GHz.  In  conventional  devices,  as  in  Schottky  varactors,  the 
capacitance  ratio  is  dominated  by  the  saturation  capacitance  value  obtained  generally  by  the  depletion  of  a  moderately  doped 
layer.  Here  the  idea  is  to  increase  the  capacitance  at  equilibrium  by  means  of  quantum  wells  and  the  assoeiated  two 
dimensional  density  of  states  which  allow  us  to  decrease  significantly  the  electric  field  screening  lengths.  Moreover,  the 
capacitance  modulation  at  low  voltages  will  be  governed  by  the  escape  of  carriers  from  these  quantum  wells  with  the  result  of 
a  steep  decrease  compared  to  a  conventional  depletion  regime.  Since  the  growth  of  III-V  semiconductors  gives  us  the 
opportunity  of  a  true  band  gap  engineering,  we  will  examine  in  the  next  section  the  potentialities  of  three  material  systems, 
respectively  the  InP-based  InGaAs/InAs/InAlAs/AlAs  heterostructure,  the  GaAs-based  pseudomorphic  GaAs/InGaAs/AlAs 
heterostructure  and  the  GaAs-based  lattice  matched  AlGaAs/GaAs/AlAs  heterostructure. 

For  an  accurate  treatment  of  both  quantum  mechanisms  and  classical  depletion  effects  and  of  their  impact  on  the  capacitance- 
voltage  characteristics  of  these  quantum  well  varactor  devices,  a  self-consistent  solver  for  the  potential  and  the  charge 
distributions  throughout  the  device  is  necessary""'^.  Here,  the  main  difficulty  that  faces  us  is  the  superimposition  of  regions  of 
different  dimensionality  both  in  space  or  in  the  energy  domain  as  it  is  exemplified  in  the  schematic  band  profile  given  in 
Figure  1.  Therefore,  a  code  giving  the  solution  of  the  unidimensional  Schrodinger-Poisson  coupled  system  of  equations 
combined  with  a  two  or  three  dimensional  determination  of  carrier  densities  depending  on  confinement  conditions  has  been 
developed. 


Propagating  states  "  "  Propagating  states 


Figure  1  :  Schematic  of  the  conduction  band  profile  for  a  quantum  well-barrier  heterostructure.  Space  and  energy  domains 
are  defined  depending  on  the  confinement  conditions. 

First  a  discretized  form  of  the  Poisson  equation  is  solved  using  a  variable  spatial  discretization  mesh*®.  This  allows  us  to  treat 
simultaneously  large  regions  such  as  the  cladding  layers  as  well  as  potential  perturbations  on  the  monolayer  scale  : 
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£[e(z)  j-  V(z)]  =  -q(NS(z)  -N;  (z)  +  p(z)  -  n(z)) 


(1) 


As  boundary  conditions,  we  use  Dirichlet  conditions  on  both  sides  in  the  emitter  and  collector  regions  which  are  considered  at 
equilibrium  (Thomas-Fermi  approach).  The  applied  bias  voltage  is  thus  defined  by  the  energy  difference  between  the 
corresponding  emitter  and  collector  Ferrru  levels.  The  calculation  procedure  makes  use  of  a  (over)relaxation  method  to 
accelerate  convergence. 

To  determine  space  charge  effects,  we  need  an  accurate  description  of  the  free  carrier  density.  To  this  aim,  the  solution  of  the 
time-independent  Schrodinger  equation,  using  the  effective  mass  approximation  according  to  the  n-type  material  constituting 
the  heterostructure,  is  calculated  by  using  the  following  equation : 


d(  1  d 
2  5z  ^me{z)  5z 


(p(z)  +V(z)cp(z)=Ez(p(z) 


(2) 


When  considering  the  structure  under  investigation,  two  approaches  have  been  developed.  On  one  hand,  we  used  an 
eigenvalue  solver  for  carriers  trapped  within  the  quantum  well-bamer  region  which  can  be  considered  as  a  closed  system. 
This  model  used  a  standard  matrix  approach  with  zero  wave-function  values  at  the  boundaries  on  the  variable  spatial  mesh 
already  defined  for  Poisson’s  equation.  However,  since  the  emitter  and  collector  region  are  three  dimensional,  open  system,  a 
solution  has  been  developed  to  calculate  the  current  density  flowing  through  the  device  with  plane  wave  boundary  conditions. 
Here,  a  classical  Runge-Kutta  method  is  used. 

The  overall  carrier  distribution  is  then  considered  as  the  superimposition  of  both  the  two  and  three  dimensional  states,  as 
shown  in  Figure  1  ; 

n(z)  =  n2D  (z)  +  ^30  (z)  with 
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This  carrier  profile  is  then  injected  into  the  Poisson  equation  and  the  procedure  is  repeated  until  convergence  is  obtained.  In  a 
final  step,  once  the  potential  profile  and  carrier  concentrations  are  known,  capacitance  and  current  density  can  be  derived.  For 
the  former,  it  is  defined  as  the  accumulated  carrier  density  evolution  with  bias  voltage  (equivalent  to  the  depleted  charge 
density  owing  to  electro-neutrality  conditons)  : 


The  current  density  is  defined  by  : 


C(V)  =  q 


an,(V) 

av 


J(V)  =  Jt(E,  V)F(E,  V)dE 


with 


F(E,V)  =  ln 


l  +  exp((EF -Ej/kgT)  ^ 
l-i-exp((EF  -qV-Ej/ksTj 


(4) 


(5) 
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T(E,V)  is  the  global  transmission  from  the  emitter  to  the  collector,  and  F(E  ,V)  is  termed  the  “supply  function”  which 
describes  the  balance  between  emitter  and  collector  carrier  streams.  At  this  point,  let  us  mention  that  this  approach  has  the 
advantage  to  include  both  tunneling  and  thermionic  current  contributions. 

3.  STRUCTURE  DESIGN 

3.1  InP  material  system  :  InGaAs/InAs/AlInAs/AlAs  heterostructure 

A  typical  growth  sequence  of  an  InP -based  quantum  well-barrier  heterostructure  is  given  in  Figure  2.  The  barrier  consists  of  a 
step-like  Ino.52Alo,48As  (5  nm)/AlAs  (3  nm)/Ino,52Alo,48As  (5  nm)  heterojunction.  The  conduction  band  offset  between  InGaAs 
and  AlAs  is  1.2  eV.  We  have  shown  previously  the  advantages  gained  by  this  barrier  scheme  (effective  barrier  height  >  600 
meV)  to  prevent  parasitic  conduction  and  in  terms  of  increased  power  handling^.  The  barrier  is  sandwiched  successively  by 
two  5  nm-thick  InAs  wells  undoped,  two  300  nm-thick  Ino.53Gao.47As  adjacent  layers  doped  lO’’  cm'^,  and  two  contact  layers 
doped  5  10'*  cm'^.  Figure  3  shows  a  comparison  of  the  calculated  capacitance-voltage 

(C-V)  and  current-voltage  (J-V)  characteristics  at  room  temperature  with  or  without  the  InAs  wells. 

It  is  immediately  apparent  that  one  can  note  improvements  both  in  terms  of  capacitance-  and  current-voltage  characteristics 
when  InAs  wells  are  inserted.  Indeed,  the  onset  of  conduction  is  shifted  towards  higher  voltages  of  about  a  factor  of  2  if  we 
consider  a  reference  value  of  5  A.cm'^  for  the  current  density.  Moreover,  the  maximum  capacitance  is  increased  from 
2.4  fF.pm'^  up  to  3.3  fF.jim'^  while  keeping  an  equivalent  saturation  capacitance  around  0.4  fF.pm'^.  This  appears  consistent 
with  the  fact  that  the  minimum  capacitance  is  governed  by  the  full  depletion  of  the  300  nm-thick  InGaAs  layer  here  equal  for 
both  devices. 
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Figure  2 :  Typical  growth  sequence  for  an  InP-based 
quantum  well-barrier  varactor  structure.  The  Indium  content 
is  52  %  in  InALAs  and  53  %  in  InGaAs. 


Voltage  (V) 

Figure  3 :  Comparison  of  calculated  C-V  and  J-V 
characteristics  at  room  temperature  for  InP-based  HBV  with 
or  without  InAs  quantum  wells. 


In  order  to  determine  the  cause  of  these  improvements  in  the  C-V  and  I-V  characteristics  of  the  quantum  well-barrier 
structure,  let  us  consider  the  diagrams  of  the  conduction  profiles  and  charge  densities  plotted  in  Figure  4a  at  a  bias  point  very 
close  to  equilibrium  conditions  (V  =  10  mV)  and  in  Figure  4b  for  V  =  1  V.  In  Figiue  4a,  the  electrons  are  strongly  localized 
within  the  quantum  wells,  thus  forming  quasi-degenerate  semiconductor  regions.  As  a  consequence  the  length  for  electric  field 
screening  (Ls)  is  expected  to  be  very  short,  whereas  much  wider  Ls’s  are  found  in  conventional  barrier  devices.  In  such  a  case, 
there  is  no  counterbalance  against  the  repelling  effect  of  the  barrier.  Under  bias,  the  pre-well  stracture  is  progressively  fed  by 
the  adjacent  layer  which  plays  the  role  of  a  reservoir  according  to  2D-density  of  states  and  Fermi  -Dirac  statistics. 
Correlatively,  the  carriers  are  escaping  from  the  post-well  structure  imtil  this  quantum  well  is  empty.  At  this  stage,  the 
operation  mode  becomes  classical  with  full  depletion  of  the  cladding  layer  reached  at  ~6V.  As  a  consequence  the  capacitance 
ratio  is  improved  for  the  quantum-well  barrier  heterostructure  with  a  value  close  to  8.5  :1  compared  to  6.2  :1  for  the 
conventional  device. 


Ill 


Figure  4  :  Schematic  conduction  band  profiles  and  charge  densities  for  the  quantum  well-barrier  heterostmcture,  (a)  V  -  10 
mV  (equilibrium  conditions),  (b)  V  =  1 V. 

The  shift  in  voltage  of  the  conduction  threshold  is  also  a  consequence  of  the  carrier  localization  in  the  InAs  pre-well.  Indeed, 
incoming  carriers  stored  in  the  pre-well  experience  a  higher  barrier  height  compared  to  carriers  delocalized  in  the  InGaAs 
layer  since  the  ground  state  of  the  well  is  buried  below  the  biGaAs  conduction  band  edge.  Consequently,  the  effective  barrier 
height  increases  and  a  higher  voltage  is  required  in  the  case  of  the  quantum  well-barrier  structure  to  obtain  transmission 
conditions  comparable  to  the  single  barrier  structure. 

3.2  GaAs  material  system  :  pseudomorphic  GaAs/InGaAs/AlAs  heterostructure 

It  appears  nowadays  that  GaAs  base  heterostmcture  barrier  varactors  suffer  from  several  drawbacks  to  be  used  as  harmonic 
multiplier  at  millimeter  wavelengths.  For  example,  using  the  classical  GaAs/AlAs  heterojxmction,  the  leakage  current,  and 
associated  thermal  effects''',  due  to  parasitic  conduction  via  the  X  valley  of  AlAs  is  difficult  to  control.  Starting  from  a  1  eV 
conduction  band  discontinuity  between  GaAs  and  AlAs,  one  finds  experimentally  effective  barrier  heights  close  to  200  meV. 
As  a  consequence  for  single  barrier  sttuctures,  onset  of  conduction  is  often  found  below  2V.  Nevertheless,  high  non-linear 
capacitance  can  be  obtained  also  using  this  material  system  with  very  narrow  evolution  around  zero  volts  which  appears  to  be 
a  welcome  feature  for  very  high  frequency  operation  in  the  context  of  a  reduced  drive  power. 


Figure  5  :  Epitaxial  sequence  for  a  GaAs  base  quantum-well  Figure  6  ;  Calculated  C-V  characteristics  at  300  K  and  77  K 
barrier  heterostmcture  under  pseudomorphic  conditions,  for  the  GaAs  base  quantum  well-barrier  heterostmcture. 

Indium  content  is  30  % 

Figure  5  gives  the  epitaxial  sequence  of  a  GaAs-based  GaAs/InGaAs/AlAs  quantum-well  barrier  heterostmcture  varactor 
under  pseudomorphic  growth  conditions.  The  Indium  content  in  the  well  is  30  %.  This  design  is  equivalent  to  the  InP-based 
stmcture  described  in  the  previous  section.  The  sole  difference  is  the  AlAs  barrier  width  here  limited  to  10  nm.  This  is  a 
compromise  between  the  blocking  capability  of  the  barrier  which  depends  on  the  ability  of  electrons  to  tunnel  through  it  and 
the  targeted  capacitance  value  at  zero  bias.  For  the  latter,  the  thinner  the  barrier,  the  higher  the  capacitance  but  higher  the 
tunneling  also.  Figure  6  shows  the  calculated  capacitance  voltage  characteristic  at  300  K.  The  maximum  capacitance  is  here 
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close  4  and  the  capacitance  ratio  higher  than  10  :1  at  4  V.  At  77  K,  one  can  note  that  the  influence  of  the  wells  is 

strengthened.  Indeed,  the  decrease  in  temperature  tends  to  increase  the  localization  of  carriers  closer  to  the  Fermi  level  and  to 
trap  more  efficiently  the  electrons  thus  reducing  the  screening  effect.  A  maximum  capacitance  higher  than  is  5  fF.pm  ^  is  thus 
obtained  whereas  the  saturation  capacitance  is  not  modified  as  depletion  mechanisms  are  temperature  independent.  Moreover, 
a  plot  of  5C/5V  shows  clearly  that  the  non  linearity  is  significantly  enhanced  compared  to  room  temperature  operation. 


3.3  GaAs  material  system  :  lattice  matched  AlGaAs/GaAs/AlAs  heterostructure 

Keeping  in  mind  that  closer  the  localization  to  the  barrier,  higher  the  maximum  capacitance,  a  new  idea  is  under  development 
involving  both  Nottingham  and  Lille  universities.  As  shown  in  Figure  7  and  8,  the  idea  is  to  use  GaAs  well  instead  of  InGaAs 
or  InAs.  Indeed,  the  confinement  strength  is  enhanced  due  to  the  higher  effective  mass  of  carriers  in  the  well.  The  cladding 
layers  are  here  made  of  AlGaAs  with  various  A1  content,  whereas  GaAs  reservoirs  are  very  highly  doped  (lO'*  cm'^)  to 
counterbalance  the  effect  of  the  GaAs/AlGaAs  heterointerface  and  ensures  an  efficient  feeding  of  the  GaAs  wells.  Moreover  it 
tends  to  reduce  the  series  resistance  which  is  one  of  the  key  factor  to  reach  terahertz  frequencies.  At  last,  the  main  advantage 
is  to  take  advantage  of  a  lattice  matched  heterostmcture  with  the  benefit  of  very  high  quality  epilayers. 
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Figure  7 :  Epitaxial  sequence  for  the  lattice  matched 
AlGaAs/GaAs/AlAs  quantum  well-barrier  heterostructure 
barrier  varactor 


Figure  9  :  Calculated  current-voltage  characteristics  for  the 
lattice  matched  AlGaAs/GaAs/AlAs  quantum  well-barrier 
heterostructure  barrier  varactor  as  a  fimction  of  A1  content 


Figure  8  :  Band  bending  profile  and  carrier  concentration  for 
the  AlGaAs/GaAs/AlAs  heterostructure  barrier  varactor 


Figure  10 ;  Calculated  capacitance-voltage  characteristics 
and  capacitance  ratio  variation  upon  voltage  for  the  lattice 
matched  AlGaAs/GaAs/AlAs  quantum  well-barrier 
heterostructure  barrier  varactor  as  a  fimction  of  A1  content 
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Simulated  results  for  such  structures  as  a  function  of  A1  content  of  cladding  layers  are  given  in  Figures  9  and  10.  As  it  can  be 
seen  in  Figure  9,  current  density  values  can  be  maintained  at  very  low  values  up  to  2  V  irrespective  of  A1  content.  It  has  to  be 
mentioned  that  our  calculations  do  not  take  into  account  conduction  phenomena  through  X  valleys  in  AlAs  which  can  be  an 
important  parameter  in  this  type  of  structures.  Indeed  as  the  structure  is  biased,  the  barrier  exhibits  a  triangular  shape. 
Conduction  through  X  states  in  the  quasi-virtual  triangular  well,  thus  formed,  can  increase  drastically  the  transmission  of  the 
barrier'^.  Nevertheless,  preliminary  estimates  of  the  apparent  barrier  height  shows  that  the  device  could  be  driven  safely  up  to 
2  V. 

Turning  now  to  the  capacitance-voltage  characteristics  displayed  in  Figure  10,  one  can  note  that  the  maximum  capacitance, 
with  values  ranging  from  3.5  to  4.5  ff.pm'^,  increases  with  A1  concentration  in  the  cladding  layer.  This  result  is  consistent  with 
the  idea  of  a  reinforcement  of  confinement  conditions  in  the  GaAs  well.  As  for  the  non-linearity,  we  obtain  a  steep  decrease  of 
the  capacitance  with  a  capacitance  ratio  that  reaches  almost  5  :1  at  IV  for  an  A1  content  of  30  %.  Based  on  these 
considerations,  this  type  of  heterostructure  banier  varactor  appears  to  be  a  promising  candidate  for  tripling  operation  in  the 
terahertz  range  owing  to  a  accurate  control  of  thermal  effects  induced  by  parasitic  conduction  phenomena. 

4.  EXPERIMENT 

Several  devices  have  been  grown,  fabricated  and  tested.  Details  on  the  technological  procedures  are  beyond  the  scope  of  this 
communication  and  can  be  found  elsewhere^’^  *^.  State  of  the  art  results  have  been  obtained  both  in  InP  and  GaAs 
technologies.  Figure  1 1  shows  the  experimental  capacitance-voltage  characteristics  obtained  respectively  with  (a)  an 
InGaAs/InAs/AlInAs/ALAs  heterostmcture  and  (b)  a  pseudomorphic  GaAs/InGaAs/AlAs  heterostracture  whose  growth 
sequences  are  given  in  Figures  2  and  5. 


Voltage  (V) 


Voltage  (V) 


Figure  1 1  :  Experimental  capacitance-voltage  characteristics  at  room  temperature  for  quantum  well-barrier  heterostmcture 
varactors,  (a)  in  InP  technology  (diameter  10  pm)  and  in  GaAs  technology  (diameter  7pm). 

With  respect  to  IiiP  based  technology,  the  overall  capacitance  ratio  has  been  measured  7  ;1  with  a  maximum  capacitance  of 
3.5  fF.pm'^.  On  GaAs,  the  maximum  capacitance  is  close  to  4.5  fF.pm"^  with  a  capacitance  ratio  of  10  :1  at  7  V.  Note  the 
steep  decrease  in  this  last  case,  with  a  ratio  close  to  4  :1  at  IV.  As  it  is  illustrated  in  Figure  12,  the  drawback  of  GaAs  based 
devices  is  the  relatively  high  level  of  conduction.  In  fact,  different  conduction  regimes  can  be  identified.  First  at  low  voltages, 
typically  less  than  2  V,  the  barrier  plays  perfectly  its  role  with  a  small  leakage  current.  A  second  regime  between  3  and  6  V 
can  be  attributed  to  different  tunneling  paths  including  conduction  through  X  states.  At  higher  voltages,  the  tunneling  current 
increases  drastically  as  the  barrier  height  is  lowered  and  finally  breakdown  due  to  impact  ionization  occurs.  A  study  of  the 
different  tunneling  contributions  to  the  total  current  density  is  under  investigation  by  means  of  low  temperature  measurement. 
Preliminary  results  show  successive  kinks  in  the  second  regime  attributed  to  different  localization  effects  involving  both 
quantized  states  of  the  pre-well  and  virtual  states  above  the  triangular  barrier.  Let  us  mention  that  these  problems  do  not  occur 
in  IiiP-based  materials  with  very  low  conduction  levels  con:q)ared  to  the  GaAs  material  system  and  with  the  associated  benefit 
of  negligible  thermal  effects  when  the  diode  is  driven  in  a  large  signal  regime®. 
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Figure  12  :  Experimental  current  voltage  characteristic  for  Figure  13  :  Illustration  of  scattering  parameters  de- 
the  GaAs  based  GaAs/InGaAs/ALAs  hetrostmcture  barrier  embedding  up  to  110  GHz  which  combines  electromagnetic 
varactor  at  room  temperature  (diameter  7  pm)  and  circuit  simulations  to  extract  the  small-signal  equivalent 

circuit  from  measurements.  (Diode  area  6x10  pm^) 

As  a  final  point,  let  us  mention  that  these  C-V  and  I-V  characteristics  were  accompanied  by  scattering  parameter 
measurements  to  derive  the  frequency  capabilities  of  the  devices.  An  illustration  of  de-embedding  of  scattering  parameter 
measurements  is  shown  in  Figure  13.  To  extract  a  small-signal  equivalent  circuit  which  includes  both  extrinsic  and  intrinsic 
elements,  electromagnetic  simulations  of  the  diode  environment  combined  with  a  circuit  approach  which  incorporates  the 
intrinsic  elements  determined  experimentally  with  a  second  set  of  measures  have  been  used.  The  comparison  between 
experiment  and  simulation  is  satisfactory  and  allows  us  to  estimate  cut-off  frequencies  for  our  devices  in  excess  of  2  THz.  The 
crucial  parameter  is  here  the  series  resistance  of  the  devices,  depending  on  their  geometry.  Several  technological  studies  have 
been  undertaken  to  optimize  this  parameter,  a  key  issue  for  high  frequency  operation. 

5.  CONCLUSION 

In  this  communication,  we  have  presented  different  ways  to  increase  the  capacitance  non-linearity  of  heterostmcture  barrier 
varactor  diodes.  The  common  feature  of  these  structures,  both  in  terms  of  GaAs  and  InP  technologies,  is  the  use  of  quantum 
wells  grown  on  both  sides  of  the  blocking  barrier.  By  taking  benefit  of  the  two  dimensional  density  of  states  and  of  the 
associated  decrease  of  electric  field  screening  lengths,  capacitance-voltage  characteristics  have  been  tailored  with  respect  to 
applications  in  the  terahertz  frequency  domain.  Based  on  a  self-consistent  solution  of  the  Schrodinger-Poisson  system  of 
equations,  the  main  result  is  the  existence  of  a  quantum-capacitance  regime,  which  leads  to  very  narrow  C-V  curves  about 
zero-volt  and  a  capacitance  ratio  in  excess  of  5  .T  over  one  volt  extension.  These  ideas  have  been  tested  successfully  with  the 
fabrication  of  state  of  the  art  devices  both  with  InP  and  GaAs  material  system  with  respectively  capacitance  ratio  of  7  : 1  and 
10:1. 

The  discrete  devices  which  have  been  tested  in  tripling  operation  have  shown  excellent  results  in  terms  of  output  power  and 
efficiency  at  250  GHz^.  To  go  further,  preliminary  studies  on  non  linear  transmission  lines  periodically  loaded  by 
heterostmcture  barrier  varactors  involving  soliton  propagation  are  currently  under  investigation  for  tripling  or  quintupling 
operation  in  order  to  reach  terahertz  frequencies. 
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ABSTRACT 

Two  low-temperature-grown  GaAs  photomixers  were  used  to  construct  a  transmit-and-receive  module  that  is  fre¬ 
quency  agile  over  the  band  25  GHz  to  2  THz,  or  6.3  octaves.  A  photomixer  transmitter  emits  the  THz  difference 
frequency  of  two  detuned  diode  lasers.  A  photomixer  receiver  then  linearly  detects  the  THz  wave  by  homodyne 
down  conversion.  The  concept  was  demonstrated  using  microwave  and  submillimeter-wave  photomixers.  Compared 
to  time-domain  photoconductive  sampling,  the  photomixer  transceiver  offers  improved  frequency  resolution,  spectral 
brightness,  system  size,  and  cost. 
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1.  INTRODUCTION 

Measurements  that  require  coherent,  continuous- wave  (cw)  illumination  in  the  terahertz  frequency  range  typically  rely 
on  microwave  tubes,  molecular-gas  lasers,  or  harmonic  upconversion  of  fundamental  sources.  A  tunable  coherent  solid- 
state  source  would  enable  high-resolution  molecular  spectroscopy  to  be  performed  with  much  simpler  instrumentation 
than  is  currently  available.  Also,  recent  advances  in  terahertz  receivers  based  on  superconducting  bolometers  have 
created  a  compelling  need  for  a  tunable  local  oscillator  (LO)  with  output  power  >  1  /xW  from  roughly  0.5  —  3  THz. ^  ® 

Photomixers  are  compact,  all-solid-state  sources  that  use  a  pair  of  single- frequency  tunable  diode  lasers  to  generate 
a  THz  difference  frequency  by  photoconductive  mixing  in  low-temperature-grown  (LTG)  GaAs.^’®  Typical  output 
power  levels  range  from  1  to  0.1  /xW  from  1  to  2  THz,  respectively.  At  MIT  Lincoln  Laboratory,  photomixers  are 
being  optimized  for  use  with  cryogenic  terahertz  receivers.  Recently,  a  demonstration  of  a  630-GHz  photomixer  LO 
coupled  to  a  superconductor-insulator-superconductor  receiver  resulted  in  a  double-sideband  noise  temperature  of 
331  K.®  A  schematic  diagram  of  this  experiment  is  shown  in  Fig.  1(a).  At  other  institutions,  photomixers  are  being 
used  as  sources  to  perform  high- resolution  (~  IMHz)  transmission  spectroscopy  of  molecular  gases.  Figure  1(b) 
shows  a  typical  arrangement  in  which  the  output  of  a  photomixer  passes  through  a  gas  cell  and  is  then  detected  by 
a  liquid-helium-cooled  bolometer.  Such  configurations  using  photomixers  have  been  used  to  measure  fine  structure 
in  the  rotational  spectra  of  molecules  such  as  sulfur  dioxide^  (SO2)  and  acetonitryl®  (CH3CN). 

In  the  time  domain,  photoconductive  sampling  has  been  used  by  many  groups  for  terahertz  spectroscopy  in 
free  space  and  on  transmission  lines.  These  systems  consist  of  two  fast  photoconductive  switches  that  are  excited 
by  a  mode-locked  laser  and  are  coupled  to  each  other  via  antennas  or  transmission  line.  Until  recently,  there  had 
not  been  a  demonstration  of  photoconductive  sampling  for  detection  of  cw  THz  waves  using  photomixers.  This 
paper  describes  a  photomixer  transceiver  that  performs  photoconductive  sampling  in  the  frequency  domain.  For 
spectroscopy  applications  that  require  narrow  linewidth  (<  1  MHz),  this  technique  can  offer  significant  improvement 
in  frequency  resolution  and  spectral  brightness  over  time-domain  sampling.  Furthermore,  the  system  is  coherent, 
widely  tunable,  and  can  be  compact — using  inexpensive  laser  diodes  that  are  fiber  coupled  to  the  photomixer- 
transmitter  and  receiver  chips. 


2.  MICROWAVE  EXPERIMENT 

Figure  2(a)  is  a  diagram  of  the  experimental  setup  that  was  used  to  test  the  concept  at  microwave  frequencies.  The 
combined  light  (A  «  850  nm)  from  a  pair  of  distributed-Bragg-reflector  laser  diodes  is  split  in  half  and  fiber  coupled  to 
each  photomixer.  Each  LTG-GaAs  photomixer  comprises  a  20  x  20-/xm  active  region  with  0.2-/xm-wide  interdigitated 
electrodes  with  gap  spacings  of  0.6  /xm  for  the  transmitter  and  of  0.4  /ixm  for  the  receiver.  The  photomixers  used 
epitaxial  layers  of  LTG  GaAs  grown  by  molecular-beam  epitaxy  on  GaAs  substrates  and  had  photocarrier  lifetimes 
of  0.2-0.3  ps.®  The  transmitter  is  dc  biased  through  a  broadband  bias  tee  and  therefore  develops  an  ac  current  across 
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Figure  1.  Two  examples  of  applications  that  use  LTG-GaAs  photomixers,  (a)  Schematic  of  a  photomixer  transmitter 
used  as  a  frequency-agile  local  oscillator  for  a  submillimeter-wave  heterodyne  detector,  (b)  Schematic  of  a  photomixer 
transmitter  used  for  gas  spectroscopy. 


the  electrodes  when  the  photoconductance  is  modulated  at  the  difference  (beat)  frequency  of  the  two  laser  beams. 
Some  of  the  resulting  microwave  power  is  launched  onto  a  coplanar  waveguide  which  transitions  into  a  50-0  coaxial 
line  that  is  connected  in  similar  fashion  to  the  receiver,  which  is  unbiased.  At  the  receiver  end,  the  optical  beating 
periodically  raises  the  photoconductance  such  that  a  small  amount  of  unipolar  current  flows  out  through  the  bias 
tee  and  into  the  dc  current  amplifier.  This  action  is  equivalent  to  homodyne  detection  of  the  rf  electric  field.  Figure 
2(b)(i)  shows  that  the  homodyne  signal  scales  approximately  linearly  with  the  dc-bias  voltage— -or  incident  electric 
field — while  the  transmitted  power  2(b)  (iii)  measured  with  a  spectrum  analyzer  scales  quadratically  in  voltage. 

In  contrast  to  a  photoconductive  switch  driven  with  a  pulsed  laser,  the  photomixer  rf  impedance  is  relatively  high 
during  cw  illumination  Zt  =  Vtlh  «  10  -  SOkfi.  Here  Vt  is  the  dc  voltage  across  the  transmitter  that  generates  a  dc 
photocurrent  It  when  illuminated  by  two  lasers.  In  the  limit  of  mismatched  impedances,  the  dc  current  measured 
at  the  receiver  is  proportional  to  the  transmitted  rf  voltage.^’’  The  phase  of  the  rf  voltage  is  measured  by  dithering 
the  difference  in  path  length  of  the  two  arms  with  a  short  delay  line.  Then,  the  receiver  is  a  linear  detector  of 
the  transmitted  wave  in  the  same  sense  that  time-domain  sampling  performs  a  linear  detection  of  the  transmitted 
voltage  pulse.  Contrast  this  with  the  power  measured  by  a  direct  detector  (such  as  in  a  scalar  spectrum  analyzer). 
In  that  case,  the  measured  signal  is  proportional  to  the  magnitude  squared  of  the  transmitted  voltage  and  all  phase 
information  is  lost.  The  symbols  in  Fig.  2(b)  result  from  a  calculation  of  the  homodyne-detected  signal  using  as  input 
parameters  the  transmitter  bias  voltage  and  the  dc  photoconductances  of  the  transmitter  and  receiver.  Agreement 
between  theory  and  measurement  is  close,  in  part  because  there  are  no  free-space  beams  and  associated  coupling 
losses. 


3.  SUBMILLIMETER-WAVE  EXPERIMENT 

Two  antenna-coupled  photomixers  were  used  to  test  a  quasioptical  version  of  the  photomixer  transceiver  (Fig.  3(a)) 
at  terahertz  frequencies.  Such  an  implementation,  for  example,  could  be  used  for  measuring  the  transmission  of  trace 
gases  through  an  air  column.  Planar  log-spiral  antennas  were  patterned  in  Ti/Au  films  by  optical  lithography  on 
the  LTG-GaAs  surface.  Electron-beam  lithography  was  used  to  define  an  8  x  S-fim  active  area  with  0.2-/fm-wide 
electrodes  at  the  drive  point  of  the  antenna.  The  electrodes  were  separated  by  0.8- fim  gaps  for  the  transmitter  chip 
and  by  1.5-/zm  gaps  for  the  receiver.  The  photomixers  were  mounted  on  silicon-hyperhemisphere  lenses  so  that  they 
opposed  each  other,  separated  by  6  cm.  The  emitted  radiation  from  two  tunable  cw  Tiisapphire  lasers  was  combined 
with  a  beam  splitter.  Half  of  the  combined  beam  passed  through  a  variable  delay  line  and  was  coupled  into  a  fiber 
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Figure  2.  (a)  Schematic  of  the  microwave  measurement  system.  Two  laser  diodes  are  combined  and  coupled  via 
optical  fiber  to  two  photomixers.  The  photomixers  are  connected  via  hO-fl  coaxial  line,  separated  by  an  isolator. 
The  transmitter  is  dc  biased  and  a  dc  current  amplifier  measures  the  homodyne-detected  current,  (b)  (i)  Measured 
homodyne  signal  as  a  function  of  the  dc-voltage  bias  on  the  transmitter  chip.  The  symbols  show  the  calculated 
homodyne  signal,  (ii)  Measured  dc  photocurrent.  Note  how  its  shape  tracks  the  homodyne  signal,  (iii)  Measured  rf 
power  from  the  transmitter  using  a  spectrum  analyzer  (not  shown). 


that  was  pigtailed  to  the  receiver.  The  other  half  passed  through  a  chopper  before  entering  a  fiber  that  was  coupled 
to  the  transmitter.  Each  photomixer  was  pumped  by  approximately  35  mW  of  optical  power  and  the  transmitter 
was  dc  biased  at  15  V  resulting  in  a  dc  photocurrent  of  300  A. 

Figure  3(b)  shows  the  homodyne  signal  amplitude  as  a  function  of  frequency.  The  signal  is  relatively  fiat  to  600 
GHz  and  then  rolls  off  until  it  is  detectable  with  a  signal-to-noise  ratio  of  ~  3  at  2  THz.^^  higher-power 

photomixers  optimized  for  high-frequency  operation,  this  upper  frequency  should  extend  beyond  2  THz.®  At  low 
frequencies  (<  1  THz),  the  ratio  of  the  signal  to  the  background  noise  was  high  and  the  measurement  was  dominated 
by  multiplicative  noise  from  the  lasers.  Residual  intensity  noise  on  the  laser  was  a  few  percent,  caused  by  the 
fluctuations  on  the  Ar  pump  laser.  The  current  source  driving  the  diode  lasers  used  for  the  microwave  experiment 
described  above  contributes  relative  intensity  noise  <  10~^  in  a  200- kHz  noise  bandwidth.  A  second  noise  contribution 
arises  from  frequency  jitter  of  the  lasers.  Since  this  system  is  highly  coherent,  standing  waves  are  always  present. 
Standing  waves  provide  a  mechanism  for  converting  firequency  jitter  to  amplitude  noise  on  the  detected  homodyne 
signal.  Most  of  these  effects  could  be  mitigated  by  using  Gaussian  reimaging  optics  and  stabilized  lasers. 

4.  PHASE-SENSITIVE  TRANSMISSION  MEASUREMENT 

An  important  capability  of  the  photomixer  transceiver  is  the  measurement  of  amplitude  and  phase  of  the  transmitted 
electric  field.  This  allows  measurement  of  the  real  and  imaginary  components  of  the  linear  response  of  a  medium 
(e.g.  Cl  +  ie2)  or  of  a  device  (e.g.  complex  5-parametem).  A  transmission  measurement  through  an  inductive-mesh 
filter^^  was  performed  to  demonstrate  this  capability.  Figure  4  shows  the  amplitude  and  phase  of  the  electric-field 
transmission  coeSicient  |'r(w)|  expi(^(w)  as  a  function  of  detuning  frequency  between  the  two  lasers.  The  amplitude 
|t|  wcis  determined  by  dithering  the  offset  in  zero-path  difference  and  obtaining  the  ratio  of  the  firinge  amplitudes 
with  the  sample  in  and  out  of  the  beam.  The  inset  in  Fig.  4(a)  shows  the  fringe  pattern  with  the  mesh  in  the  beam 
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Figure  3.  (a)  Schematic  of  the  quasioptical  implementation.  Two  cw  Ti:sapphire  lasers  were  used  since  their  tuning 
range  exceeded  that  of  the  available  diode  lasers.  A  pair  of  tunable  diode  lasers  was  used  previously  (unpublished) 
with  this  setup,  (b)  Homodyne  signal  plotted  versus  the  difference  frequency  between  the  two  lasers.  Between  the 
microwave  and  quasioptical  systems,  the  photomixer  transceivers  covered  over  three  orders  of  magnitude  in  frequency. 


(i)  and  out  of  the  beam  (ii).  The  phase  (j)  =  w(di  -  ^2)/^  was  determined  by  measuring  the  change  in  path  between 
zeroes  in  the  fringe  pattern.  For  high  frequencies,  where  noise  is  an  issue,  these  quantities  are  better  estimated  by 
Fourier  transforming  the  fringe  patterns  to  extract  phase  and  amplitude  values. 

An  approximate  theory  for  a  two-dimensional  inductive  mesh  was  derived  by  Lee  et  The  theory  assumes  a 
transmission-line  model  in  which  the  incident  wave  experiences  a  normalized  shunt  admittance  of  value  2Y.  Then, 
the  complex  transmittance  for  the  electric  field  is  simply  t(w)  =  1/(1  -|-F(w)).  The  expression  for  Y  was  phenomeno¬ 
logically  developed  from  numerical  simulations 


y(u;)  =  (-y)(;8-i) 


Oil ( a\2 
c  2\X) 


Incsc(ff) 


(1) 


where  /3  =  (1  -  0.41<5/a)/(a/A),  S  =  (a  -  c)/2,  a  =  318 //m  is  the  pitch  of  the  mesh,  and  (a  -  c)  =  25  ^m  is  the 
width  of  the  wires  that  form  the  mesh.^^  The  solid  lines  in  Fig.  4(a)  and  4(b)  show  curves  that  were  calculated 
using  equation  (1).  The  general  trends  in  the  calculated  curves  are  reproduced  by  the  transceiver  measurements. 
The  signal-to-noise  ratio  in  these  data  was  high  and  the  values  were  reproducible.  The  scatter  between  points  was 
systematic  and  presumably  resulted  from  standing  waves  in  the  present  quasioptical  system. 


5.  DISCUSSION 

It  is  instructive  to  compare  some  of  the  features  of  the  photomixer  transceiver  to  more  established  techniques  for 
terahertz  spectroscopy. 

Fourier-transform  infrared  (FTIR)  spectrometers  are  often  used  for  infrared  analysis  of  gases  with  resolving  power 
X/5X  «  10^  or  higher.  For  the  far-infrared  and  submillimeter  bands,  an  equivalent  resolving  power  demands  long 
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Figure  4.  (a)  Measured  transmission  coefficient  for  the  propagating  electric  field  incident  on  a  wire-grid  mesh.  The 
solid  line  shows  a  theoretical  calculation  of  the  transmission.  (Inset)  Measured  fringe  pattern  at  100  GHz  for  the 
mesh  in  (i)  and  out  (ii)  of  the  beam,  (b)  Measured  phase  delay  incurred  by  the  wave  from  propagating  through  the 
mesh.  The  solid  line  is  calculated. 


travel  for  the  scanning  mirror.  For  example,  resolving  a  1-THz  feature  with  100- MHz  resolution  {X/dX  ~  10^)  requires 
a  mirror  travel  of  1.5  m.  For  a  typical  spectrometer  designed  for  high  resolving  power,  the  maximum  available  power 
in  this  band  is  2  x  10“^^  Such  low  power  requires  a  liquid-helium-cooled  detector.  This  is  in  contrast  to 

~  10“®W  available  from  a  photomixer  in  a  band  that  is  less  than  1  MHz  wide.  Already,  researchers  have  used 
photomixers  with  bolometers  to  perform  gas  spectroscopy  with  resolution  {X/6X  ~  10®)  that  would  require  >  100  m 
of  mirror  travel  in  a  FTIR  spectrometer.'^’®  The  photomixer  transceiver  should  offer  an  equivalent  capability,  but 
with  the  size  and  cost  advantages  of  a  compact,  room-temperature  system. 

In  time-domain  sampling,  a  train  of  wide-bandwidth  pulses  with  low  duty  cycle  (~  10“^)  carries  the  THz  radiation. 
The  peak  pulse  power  is  relatively  high  and  the  receiver  switch  acts  like  an  ultrafast  boxcar  integrator  with  high 
signal-to-noise  ratio.  However,  the  power  available  in  a  1-MHz  band  is  reduced  by  a  factor  as  large  as  the  duty  cycle 
(typically  lO""*)  compared  to  that  available  in  an  equivalent  photomixing  experiment.^®  Furthermore,  without 
continuous  tuning  of  the  laser  cavity  length,  the  minimum  frequency  resolution  is  the  free  spectral  range  of  the  laser 
cavity  (typically  ~  80  MHz  for  mode-locked  Ti:sapphire  lasers).  In  frequency-domain  sampling  with  photomixers, 
it  is  the  homodyne  action  of  the  receiver  that  restricts  the  noise  bandwidth  in  the  same  fashion  as  for  a  lock-in 
amplifier.  Hence,  there  is  a  tremendous  reduction  in  noise  bandwidth  compared  to  using  a  direct  detector  such  as  a 
bolometer  and  the  photomixer  receiver  does  not  need  cooling  to  enhance  its  sensitivity. 

6.  CONCLUSIONS 

In  summary,  a  technique  has  been  demonstrated  at  microwave  (0.1-26.5  GHz)  and  submillimeter-wave  frequencies 
(25  GHz-2  THz)  for  photoconductive  sampling  in  the  frequency  domain  using  photomixers  and  cw  lasers.  With 
more  optimized  photomixers,  the  upper  frequency  range  is  expected  to  exceed  3  THz. 
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Many  of  the  applications  that  have  been  suggested  for  time-domain  systems  (e.g.  T-ray  imaging  and  other  linear 
spectroscopy)  could  in  principle  be  performed  with  the  photomixer  transceiver.^®  The  system  described  in  this 
paper  is  being  upgraded  to  use  higher-efficiency  photomixers  with  resonant  antennas.  The  laser  system  will  be 
improved  by  using  diode  seed  lasers  that  drive  a  semiconductor  optical  amplifier.  Higher  performance  antennas  are 
being  developed  that  should  improve  the  prospects  for  using  photomixers  in  point-sensing  spectrometers  and  as  local 
oscillators  in  THz  heterodyne  receivers. 
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ABSTRACT 

Recently,  we  grew  organic  ionic-salt  crystals  of  4-dimethylamino-N-methyl-4-stilbazolium- 
tosylate  (DAST)  with  extremely  large  nonlinearity,  and  also  realized  dual  wavelength  oscillation  of  an 
electronically  tuned  Ti: Sapphire  laser.  In  this  report,  the  generation  of  a  coherent  THz-wave  from 
DAST  crystal  was  demonstrated  for  the  first  time  by  the  difference  frequency  generation  of  a  dual¬ 
wavelength  oscillating  Ti: Sapphire  laser. 

Keywords:  nonlinear  optics,  THz-wave,  long  pulse,  difference  frequency  generation,  nonlinear 
crystal,  organic  ionic  salt,  DAST,  electronic  tuning,  Ti: Sapphire  laser,  dual  wavelength. 


1.  INTRODUCTION 

The  generation  of  coherent  and  widely  tunable  THz-wave  radiation  is  of  interest  for  a  variety  of 
applications  in  basic  and  applied  physics,  communication,  and  life  sciences.  Soon  after  the  invention 
of  the  laser,  many  pioneering  works  had  been  conducted  for  tunable  THz-wave  generation.  These 
included  generating  tunable  submillimeter  waves  using  nonlinear  difference  frequency  mixing 
between  two  laser  sources' ^  although  the  observed  conversion  efficiency  was  poor.  These  efforts 
ended  in  the  mid- 1 970’ s,  primarily  due  to  the  invention  of  molecular  gas  submillimeter  lasers. 

In  the  past  few  years,  THz-wave  generation  and  detection  have  attracted  much  attention  from 
both  theoretical  and  applied  points  of  view^-''-’.  Most  studies  have  utilized  the  ultrabroad  bandwidth 
characteristics  of  mode-locked  subpicosecond  laser  pulses,  sacrificing  their  temporal  coherence  as  a 
result.  On  the  other  hand,  the  study  of  widely  tunable  THz-wave  or  submillimeter-wave  sources 
have  been  developed  by  means  of  the  photo  mixing®-''  and  optical  parametric  oscillation  methods®-®’"’. 

Recently,  we  grew  the  very  efficient  organic  nonlinear  crystal  4-dimethylamino-N-methyl-4- 
stilhazolium-tosylate  (DAST)",  and  also  realized  dual  wavelength  oscillation  of  an  electronically 
tuned  Ti:Sapphire  laser'l  Among  nonlinear  crystals,  DAST  is  known  as  the  most  efficient  THz 
rectification  medium'®.  In  this  report,  a  coherent  terahertz  (THz)  wave  was  generated  using  DAST 
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by  the  difference  frequency  between  two  oscillating  wavelengths  of  an  electronically  tuned 
Ti:  Sapphire  laser. 


2.  EXPERIMENTAL  SETUP 

The  organic  ionic  salt  crystal  DAST,  which  was  invented  and  patented  by  H.  Nakanishi*'*  et  al., 
is  an  extremely  promising  material  with  the  highest  nonlinear  and  electro-optic  coefficients.  In 
addition,  DAST  is  suitable  for  high-speed  modulation  and  detection,  and  THz-wave  radiation,  because 
of  its  low  dielectric  constant'^’'®’’’.  The  production  of  ultra  broadband  THz  radiation  from  DAST  was 
reported  using  optical  rectification  with  a  sub-ps  laser  pulse  as  the  source'*.  In  our  laboratory,  we 
have  conducted  studies  on  growing  single  large,  high-quality  DAST  crystals  and  using  them  for 
ultrahigh-speed  optical  devices.  We  have  developed  a  stable,  reproducible  way  of  growing  crystals 
using  the  fixed  seed  crystal  method.  The  crystal  used  in  this  report  was  12xllx2mm.  The  optical 
rectification  experiment  to  evaluate  the  2"“'  order  nonlinear  coefficient  was  also  performed  using 
DAST,  and  the  obtained  value  was  dn  =  313  pmW,  which  is  almost  10  times  larger  than  djj  for 
LiNbOj. 


Fig.  1  The  experimental  setup  for  generating  THz-waves  from  a  DAST  crystal  using  the  difference 
frequency  between  dual  oscillating  wavelengths  of  an  electronically  tuned  TirSapphire  laser. 


The  experimental  setup  for  generating  THz-waves  is  illustrated  in  Fig.  1.  An  electronically 
tuned  Ti:  Sapphire  laser  operated  with  dual  wavelengths  was  utilized  as  the  light  source  for  difference 
frequency  generation  (DFG).  Two  wavelength  can  be  controlled  electronically  by  adjusting  the  two 
rf  frequencies  supplied  to  the  AOTF  (acousto-optic  tunable  filter)  crystal  inside  the  laser  cavity.  In 
this  experiment,  the  wavelengths,  pulsewidth,  energy,  and  repetition  rate  of  the  Ti:Sapphire  laser  were 
796.8nm  and  799.9nm,  40ns,  600pJ/pulse,  and  lOHz,  respectively.  The  simultaneous  dual 
wavelength  oscillation  was  confirmed  by  sum-frequency  (399.2nm)  generation  using  a  barium  borate 
(BBO)  crystal.  An  example  of  the  spectrum  of  the  dual  wavelength  oscillation  is  shown  in  Fig.  2. 
The  laser  beam  was  focused  to  -O.Smmcj)  spot  on  the  DAST  surface  using  a  lens  with  f  =  300mm. 
The  THz-wave  generated  was  focused  into  the  4K  Si-Bolometer  with  a  white  polyethylene  lens  (f  = 
60mm). 
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Fig.  2  An  example  of  the  spectrum  of  the  dual  wavelength  oscillation  of  the  electronically  tuned 
Ti:Sapphire  laser.  The  simultaneous  oscillation  of  both  wavelengths  was  proven  by  the  sum- 
frequency  generation  using  a  BBO  crystal. 


3.  EXPERIMENTAL  RESULTS 

The  obtained  THz-wave  output  was  80fJ/pulse  (2.5fiW  at  peak).  The  wavelength  was 
measured  using  a  scarming  Fabry-Perot  etalon  consisting  of  two  metal  mesh  plates  with  a  65|im-grid 
as  shown  in  Fig.  3.  The  displacement  between  the  two  periods  was  214p,m,  which  corresponds 
directly  to  the  difference  frequency  between  the  two  incident  laser  wavelengths  in  Fig.  2.  The 
linewidth  of  the  THz-wave  is  decided  by  the  laser’s  purity  which  is  closely  related  to  the  resolution  of 
the  AOTF.  Therefore,  narrower  THz  linewidth  can  be  obtained  using  a  AOTF  with  higher 
resolution. 

Fig.  4  shows  the  temporal  characteristics  of  the  incident  laser  pulse  and  the  generated  THz-wave 
pulse.  A  Schottky  barrier  diode  detector'®  was  utilized  to  monitor  the  THz-wave  pulse  shape.  The 
pulse  widths  of  the  laser  (40ns)  and  THz-wave  (32ns)  indicated  that  the  dual-wavelengths  (796.8nm 
and  799.9nm)  from  the  Ti:Sapphire  laser  oscillated  almost  simultaneously.  It  should  be  mentioned 
that  we  have  also  tried  the  same  experiment  using  other  crystals,  such  as  LiNbOj,  LiTaOj,  KTP,  and 
GaP,  but  only  DAST  generated  a  detectable  THz-wave  output,  proving  its  high  conversion  efficiency. 
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Fig.  3  A  typical  THz  wavelength  measurement  using  a  scanning  Fabry-Perot  etalon  consisting  of 
metal  mesh  plates. 
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Fig.  4  The  temporal  characteristics  of  the  incident  laser  pulse  (upper  line)  and  the  generated  THz- 
wave  pulse  (lower  line).  A  Schottky  Barrier  Diode  detector  monitored  the  THz-wave  pulse  shape. 
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Polarization  characteristics  of  the  generated  THz-wave  were  measured  using  a  rotating  wire  grid 
polarizer  as  shown  in  Fig.  5.  In  the  upper  and  the  lower  figure,  the  polarization  direction  of  two  laser 
beams  are  parallel  to  the  a-axis  and  b-axis  of  the  DAST  crystal,  respectively.  The  polarization  of  the 
generated  THz-waves  are  parallel  to  the  a-axis  irrespective  of  the  incident  polarization  direction, 
because  the  electronic  and  ionic  polarization  mainly  contributes  in  the  direction  of  the  a-axis. 
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Fig.  5  Polarization  of  the  THz-wave.  In  the  upper  and  the  lower  figure,  the  polarization  direction 
of  two  laser  beams  are  parallel  to  the  a-axis  and  b-axis  of  the  DAST  crystal,  respectively.  The 
polarization  of  the  generated  THz-waves  are  parallel  to  the  a-axis  in  both  cases. 
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In  conclusion,  we  have  demonstrated  coherent,  longpulse  THz-wave  (wavelength;  214frm, 
frequency:  1.4THz,  pulsewidth;  32ns)  generation  from  DAST  using  the  difference  frequency  between 
dual  oscillating  wavelengths  of  an  electronically  tuned  Ti:  Sapphire  laser.  In  the  32ns  THz  pulse 
width,  there  exist  almost  5x10'*  wave  train,  giving  higher  coherency  than  the  THz  radiation  by  femto 
second  laser  pulses.  Since  it  is  possible  to  vary  the  two  wavelengths  of  this  laser  between  700- 
900nm,  a  widely  tunable  THz-wave  is  easily  obtained. 

The  authors  are  greatly  indebted  to  Prof.  K.  Mizuno  for  providing  the  Schottky  barrier  diode 
detector  used  in  this  report,  and  to  C.  Takyu  for  coating  the  optics.  This  work  was  partly  supported 
by  the  Ministry  of  Education,  Science,  Sports,  and  Culture,  of  Japan. 
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The  prospects  for  using  photonic  bandgap  effects  in  suitably  fabricated  ID  waveguide  photonic 
microstructures  to  enhance  the  strength  of  the  electrooptic  interaction  at  terahertz  frequencies  are 
considered.  Both  ferroelectric  and  electrooptic  semiconductors  are  assessed.  More  work  will  be 
required,  both  on  measuring  material  properties  and  in  the  conception  and  fabrication  of  new 
device  structures. 

Introduction 

We  have  previously  described  (1)  the  principles  according  to  which  a  narrowband,  low  power 
consumption  electrooptic  modulator  for  terahertz  frequency  operation  could  be  constructed  in  a 
'standard'  Pockels  effect  electrooptic  material  such  as  single  domain  ferroelectric  crystal  lithium 

niobate  (LiNb03).  The  modulator  takes  the  form  of  a  terahertz  frequency  resonant  cavity,  in 
which  high  reflectivity  DBR  photonic  microstructures  are  used  to  provide  the  mirrors.  The  THz 
DBR  photonic  microstructure  is  formed  by  using  two  quite  different  cross-sections  of  THz  image 
waveguide.  We  now  re-examine  the  predictions  of  this  earlier  work  and  briefly  consider  its 
possiWe  extension  to  other  materials  such  as  lithium  tantalate,  strontium  barium  niobate  and 
potassium  niobate. 


‘Lithium  Niobate’ 


optical 

waveguide 


Fig.  1 :  part  of  a  terahertz  modulator  DBRmirror  stack,  showing  alternating  waveguide  cross-sections  in  each  period 

and  the  location  of  the  optical  waveguide. 

III-V  semiconductors  are  well-established  as  the  basis  both  for  high  microwave-frequency 
generation  and  for  a  range  of  optoelectronic  device  functions,  including  efficient  light  generation 
and  detection.  They  also  exhibit  a  strong  linear  electrooptic  (Pockels  effect)  and,  in  suitable 
structures,  both  the  Franz-Keldysh  electroabsorption  effect  of  bulk  semiconductors  and  enhanced 
electroabsorption  in  the  form  of  the  quantum  confined  Stark  effect  (QCSE).  Moreover,  novel 
physical  processes  and  new  bandgap-engineered  device  structures  continue  to  appear  in  III-Y 
semiconductors.  Already  substantial  levels  of  terahertz  electromagnetic  wave  generation  via  sub- 
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picosecond  pulse  generation  have  been  demonstrated  in  III-V  semiconductors  -  e.g.  at  levels 
sufficient  for  T-ray  imaging  purposes.  The  presentation  will  therefore  also  consider  issues  relevant 
to  Terahertz  frequency  photonic  microstructure-based  electrooptic  modulators  realised  in  III-V 
semiconductors.  It  will  include  some  deliberately  speculative  ideas  on  connecting  electrooptic 
modulation  to  novel  methods  for  generating  narrow-band  Terahertz  frequency  drive  oscillations. 

Photonic  crystals  and  waveguide  optoelectronic  devices  in  the  sub-Terahertz  to 
Terahertz  regime. 

One  interesting  area  of  potential  applicationsfor  the  photonic  erystal  approach  has  already  reeeived 
a  significant  amount  of  attention.  This  area  can  be  identified  in  frequency  terms  as  ranging  from  the 
microwave  part  of  the  electromagnetic  spectrum,  up  to  at  least  10  THz.  One  importMt  characteristic 
feature  of  practically  the  whole  of  this  range  is  that  the  refractive  index  of  a  significant  range  of 
materials  is  much  larger  than  the  refractive  index  at  optical  frequencies.  This  feature  means  that 
strongly  photonic  bandgap  behaviour  is  available  from  a  correspondingly  bigger  range  of 
materials.  The  creation  of  microwave  frequency  photonic  crystals  at  the  ID,  2D  and  3D  levels  -  and 
their  exploitation  within  conventional  microwave  frequency  waveguides  or  elsewhere  -  has  been  an 
interesting  exercise  for  a  number  of  reasons.  It  can  be  argued  that  a  new  push  has  been  given  to 
what  was  apparently  a  mature  field,  at  least  at  the  lower  end  of  the  frequency  spectrum,  but  also 
that,  in  some  measure,  microwave  frequency  photonic  crystals  and  bandgap  structures  have  been 
around  for  a  long  time. 

The  present  paper  is  concerned  with  applying  a  partieular  simplification  of  the  photonic  crystal 
concept,  which  we  label  as  the  waveguide  ID  photonic  microstructure,  to  the  anticipated 
requirement  for  electrooptic  modulators  operating  at  frequencies  well  in  excess  of  100  GHz.  This 
might  well  be  considered  as  a  premature  development,  but  our  belief  is  that  the  intellectual 
challenge  is  of  sufficient  interest  to  make  it  worthwhile.  The  most  immediate  benefit  would 
probably  come  at  frequencies  towards  the  bottom  end  of  the  decade  between  100  GHz  and 
1  THz,  but  so  far  the  conceptual  approach  fits  most  readily  towards  the  top  end  of  this  decade. 
The  most  obvious  factor  to  reduce  the  minimum  frequeney  of  operation  would  be  the  discovery  of 
an  alternative  electrooptic  crystal  material  with  at  least  comparable  electrooptic  coefficients  to  those 
of  lithium  niobate,  but  possessing  a  significantly  higher  dielectric  constant.  It  would  also  be 
required  that  the  material  would  show  comparably  low  dielectric  absorption  losses  at  the  desired 
operating  frequency. 

Sub-Terahertz  to  Terahertz  electrooptic  modulators  in  lithium  niobate 

Electrooptic  modulators  are  now  widely  used  in  large-capacity  fibre-optical  communications 
systems.  Such  modulators  can  provide  amplitude  or  phase  modulation  -  or  a  chosen  eombination 
of  both.  While  direct  modulation  of  the  eurrent  supplied  to  a  semiconductor  diode  injection  laser  is 
still  the  most  widely  used  approach  for  fibre-opticaJ  communications,  such  current  modulation  can 
induce  substantial  levels  of  frequency  chirp  alongside  the  desired  pure  amplitude  modulation  effect. 
Chirp  can  have  a  major  negative  impact  on  the  transmission  of  high  bit-rate  data  pulse  streams 
along  dispersive  fibres  because  of  the  consequent  pulse  spreading.  But  chirp  can  be  eliminated,  or 
compensated  for,  by  a  variety  of  techniques  -  which  include  modifying  the  voltage  bias  levels 
applied  to  the  electrodes  of  an  external  electrooptic  modulator. 

For  external  amplitude  modulation  at  bit-rates  up  to  10  Gigabits/s,  the  'standard  choice'  is  a  fibre¬ 
pigtailed  waveguide  modulator,  realized  in  lithium  niobate  and  having  an  essentially  Mach-Zehnder 
configuration.  Both  annealed  proton-exchange  and  titanium-diffused  waveguide  technologies  are 
used  in  currently  eommercial  devices.  (Since  the  light  from  a  semiconductor  laser  is  usually 
strongly  polarised,  polarisation  independent  operation  is  not  usually  an  issue  at  this  stage.) 
Research  on  techniques  for  extending  the  capability  of  lithium  niobate  based  electrooptic 
modulators  to  baseband  modulation  rates  in  excess  of  50  GHz  is  now  reasonably  mature.  The  main 
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ingredient  in  achieving  such  a  large  modulation  bandwidth  has  been  to  shape  the  total  device 
structure  so  that  a  substantial  part  of  the  electromagnetic  energy  propagating  along  the  electrodes  of 
the  modulator  is  in  the  'air'  outside  the  lithium  niobate  electrooptic  medium.  This  configuration 
enables  the  velocity  of  the  electromagnetic  mode  to  be  matched  reasonably  closely  to  the  inherently 
much  larger  velocity  of  the  optic^  frequency  waves  propagating  in  the  waveguide  regions 
embedded  in  the  electrooptic  substrate.  The  issues  associated  with  obtaining  non-baseband 
operation  at  centre  frequencies  up  to  at  least  100  GHz,  and  with  restricted  bandwidth,  have  also 
received  some  attention. 

But  the  eventual  limitation  on  modulator  bandwidth  is  simply  the  increasing  propagation  losses  of 
the  electromagnetic  travelling  wave  supported  by  the  me^  electrode  structure.  Increasing  the 
thickness  of  the  metallisation  cannot  eliminate  the  effects  of  the  progressively  smaller  skin  depth. 
In  our  previous  paper,  we  examined  the  possibility  of  extending  the  operation  of  lithium  niobate 
electrooptic  modulators  to  frequencies  as  high  as  1  THz.  The  main  arguments  presented  were  that; 

a)  at  a  frequency  of  about  1  THz,  the  electric  field  strength  associated  with  reasonable  total 
electromagnetic  power  levels  supported  in  a  properly  designed  high  refractive  index  dielectric 
waveguide  becomes  comparable  with  that  associated  with  a  typical  electrode  structure  at  the  same 
power  level. 

b)  that  a  simplified  form  of  waveguide  photonic  microstructure  could  increase  the  strength  of 
modulation,  simply  by  providing  a  cavity  with  a  moderately  high  Q-factor. 

The  choice  of  lithium  niobate  for  modulators  at  1  THz  remains  a  natural  one  because  of  its 
established  position  in  guided-wave  optoelectronics,  because  of  its  large  electrooptic  coefficients 
and  high  dielectric  constant.  It  now  also  seems  reasonably  certain  that  the  terahertz  frequency 
electromagnetic  wave  propagation  losses  are  sufficiently  small,  at  moderately  low  temperatures,  for 
compact  resonator  structures  based  on  the  waveguide  photonic  microstructure  approach  to  be  quite 
feasible. 

Fig.  1  shows  a  simplified  schematic  of  the  previously  proposed  terahertz  DBR  (distributed  Bragg 
reflector)  mirror  section  based  on  dielectric  image  waveguide  in  lithium  niobate.  Two  such  mirrors 
with  a  moderate  number  of  periods  (say  seven),  together  with  an  appropriate  length  of 
unmodulated  spacer  section,  can  provide  a  usefully  high-Q  resonator  for  the  modulating  terahertz 
frequency  electromagnetic  wave.  The  waveguide  DBR  is  made  up  of  alternate  sections  (Fig.  2  and 
3)  of  waveguide  with  substantially  different  levels  of  electromagnetic  confinement  and,  therefore, 
quite  different  effective  refractive  indices.  For  TM  waves  the  terahertz  waveguide  is  monomode 
and  has  its  maximum  electric  field  strength  exactly  where  required  to  give  the  strongest  modulation 
of  light  supported  in  an  optical  waveguide  on  the  continuous  flat  surface  of  the  image  guide  and 
adjacent  to  its  ground  plane.  It  may  be  worth  remarking  on  the  similarity  of  the  terahertz  image 
guide  proposed  here  to  a  structure  described  -  and  realised  experimentally,  by  Qian  et  al  (2).  But 
the  principle  difference  between  the  two  dielectric  loaded  cavity  geometries  is  also  important  for 
our  application  in  electrooptic  modulation.  Nevertheless,  much  the  same  geometry  as  ours,  suitably 
scaled  and  in  an  appropriately  chosen  low-loss  dielectric  medium,  could  be  used  for  the  low -noise 
electronic  oscillator  application  described  by  Qian  et  al  (2) . 
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Fig.  2:  Cross-section  and  modal  field  pattern  plot  of 'lithium  niobate'  image  guide  with  monoUthic 
slab-coupled  rib  format.  The  rib  cross-sectional  dimensions  are  20  pim  height  and  50  width 
on  a  10/<m  thick  slab,  at  a  free-space  wavelength  of 300  pirn.  The  effective  refractive  index  of  the 
guided  mode  is  5. 1 . 


Fig.  3  Cross-section  and  modal  field  pattern  plot  of  'lithium  niobate'  image  guide  with  rib-only 
format  and  rib  cross-sectional  dimensions  of  15  pim  height  and  40  fim  width,  at  free-space 
wavelength  of  300  //m.  The  effective  refractive  index  of  the  guided  mode  is  2.5. 

At  terahertz  frequencies,  the  problem  of  coupling  the  electromagnetic  wave  into  the  modulator  is 
also  a  significant  challenge.  If  the  terahertz  electromagnetic  wave  source  is  a  reasonably  well- 
collimatedfree-space  propagating  beam,  a  system  of  plastic  lenses  could  be  used  to  focus  the  beam 
onto  one  end  of  the  lithium  niobate  image  guide.  But  the  modal  cross-section  is  only  about  one- 
sixth  of  the  free-space  wavelength  in  its  larger  dimension.  This  suggests  that  it  would  also  be 
desirable  to  incorporate  a  two-dimensionally  tapered  horn  section  into  the  input  end  of  the 
modulator  image  guide  -  and,  possibly,  to  use  a  lensed  input  face.  Alternatively,  the  terahertz  wave 
might  be  delivered  along  another  waveguide  or  it  might  be  generated  ‘electronically’  at  a  suitable 
location  within  the  modulator,  e.g.  if  the  objective  were  to  generate  widely  spaced  frequency 
sidebands  around  an  optical  carrier. 

(With  a  suitable  modulation  format,  the  carrier  might  itself  be  substantially  suppressed). 

Snb-terahertz  to  terahertz  electrooptic  modulators  in  ferroelectric  crystals  other 
than  lithium  niobate 

Lithium  niobate  has  a  demonstrated  capability  for  use  in  moderately  large  cross-point  switch  arrays 
and  for  optical  amplification  via  rare-earth  doping.  Although  the  available  gmn  is  quite  modest, 
particularly  if  one  means  ?tet  gain,  research  has  led  to  multi-section  lasers  with  the  capability  of 
actively  mode-locked  operation  and  monolithically  integrated  in  the  lithium  niobate,  alAough 
external  pumping  was  still  required.  Lithium  niobate  electrooptic  devices  for  both  polarisation 
control  and  polarisation  scrambling  are  already  important  and  acousto-optic  tunable  filters  in 
lithium  niobate  could  yet  become  a  very  useful  component  in  WDM  systems. 

Another  area  of  increasing  importance  for  lithium  niobate  is  periodically-poled  lithium  niobate 
(PPLN)  -  which  is  now  of  particular  interest  as  a  ‘bulk’  material  for  second  harmonic  generation 
(SHG)  with  solid-state  lasers  -  with  more  general  processes  such  as  parameMc  conversion  also  of 
interest.  These  factors  all  add  up  to  a  fairly  strong  niche  position  for  lithium  niobate  within 
optoelectronics  -  and  guided  wave  optoelectronics  in  particular.  Although  electrooptic  devices 
based  on  lithium /antotoe  clearly  also  have  commercial  potential,  the  properties  of  lithium  tantalate 
are  either,  in  most  respects,  not  significantly  different  from  those  of  lithi^  niobate  (e.g.  the 
electrooptic  coefficients)  or  are  substantially  inferior.  Lithium  tantalate  is  significantly  less  strongly 
piezoelectric  than  lithium  niobate  and  has  a  much  lower  Curie  temperature.  But  as  a  direct 


consequence  of  its  lower  Curie  temperature,  lithium  tantalate  has  considerably  larger  pyroelectric 
coefficients.  This  is  an  advantage  for  thermal  sensing  applications  but  may  be  more  problematic 
from  the  point  of  view  of  performance  and  device  processing  in  environments  where  charge  build¬ 
up  on  crystal  wafers  or  device  surfaces  is  likely  to  accompany  quite  moderate  temperature  changes. 
Satisfactory  waveguide  technologies  for  lithium  tantalate  are  not  so  well  established  and  it  is 
considerably  more  difficult  to  grow  large  single-crystal  boules  of  the  material.  Unlike  the  situation 
for  lithium  niobate,  3  inch  (7.5  cm)  diameter  boules  of  lithium  tantalate  are  not  currently  available 
commercially.  One  well-known  positive  feature  of  lithium  tantalate  is  its  much  larger  threshold  for 
significant  photorefractive  effects.  This  superior  resistance  to  photorefractive  effects  has  led  to 
competitive  work  being  carried  out  on  SHG  in  waveguides  fabricated  in  lithium  tantalate-  although 
MgO-doped  lithium  niobate  has  been  successfully  used  to  achieve  at  least  comparable  performance 
and  optical  power  handling  capability. 

A  number  of  other  inorganic  ferroelectric  materials,  e.g.  potassium  titanyl  phosphate  (KTP),  show 
a  potentially  useful  electrooptic  effect  and  there  has  been  work  both  on  electrooptic  and  nonlinear 
waveguide  devices  in  this  material.  Other  materials  of  potential  interest  are  potassium  niobate  (3) 
and  strontium  barium  niobate  (4).  Potassium  niobate  has  three  distinct  refractive  index  values 
around  2.2  and  a  reported  value  of  around  1000  for  one  of  its  dielectric  constants,  while  one  of  its 
electrooptic  coefficients  has  a  clamped  value  of  360x10  *^  m.V'*,  more  than  ten  times  the  largest 
value  in  lithium  niobate.  Strontium  barium  niobate  has  quite  similar  values  for  the  same 
parameters,  but  different  crystal  symmetry.  Such  remarkably  strong  electrooptic  effects  are 
unlikely  to  come  without  penalty.  Both  materials  are  clearly  strongly  dispersive  for 
electromagnetic  waves,  increasing  velocity  mismatch  effects.  Strong  dispersion  is  also  likely  to 
imply  greater  electromagnetic  propagation  losses.  At  this  stage  in  the  development  of  terahertz 
technology,  it  appears  that  there  is  a  need  for  a  serious  study  to  measure  the  propagation  losses  for 
terahertz  electromagnetic  waves  in  various  electrooptic  crystals. 

Electrooptic  modulators  using  III-V  and  II- VI  semiconductors:?? 

We  now  consider  another  group  of  alternative  possible  materials  for  electrooptic  modulation  in  the 
sub-terahertz  to  terahertz  regime.  In  particular  it  is  appropriate  to  consider  electrooptically  active 
semiconductors,  e.g.  crystals  of  the  III-V  and  the  II-VI  compounds.  Depending  both  on  the 
specific  compound  and  on  the  method  by  which  they  are  produced,  crystals  and  epitaxial  layers  of 
these  materials  may  appear  in  either  wurtzite  (hexagonal  symmetry)  or  zinc-blende  (face-centred 
cubic  symmetry)  form.  Although  one  phase  may  be  the  strictly  stable  one,  for  a  particular 
compound,  the  other  phase  may  be  a  long  lasting  metastable  one.  Under  certain  'abnormal' 
conditions,  crystals  having  the  simple  cubic  rock-salt  structure  are  also  a  possibility. 

Because  of  their  widespread  use  in  optoelectronics  and  electronics  more  generally,  it  is  appropriate 
to  consider  firstly  the  III-V  semiconductors  gallium  arsenide  (GaAs)  and  indium  phosphide  (InP) 
and,  implicitly,  the  various  heterostructure  combinations  which  are  more-or-less  routinely  grown 
on  substrates  of  either  of  these  two  crystal  semiconductors.  Both  InP  and  GaAs  are  piezoelectric, 
albeit  rather  weakly  so,  and  have  useful  magnitude  electrooptic  coefficients.  The  latter  coefficients 
are  more  than  an  order  of  magnitude  smaller  than  the  largest  electrooptic  coefficients  in  ferroelectric 
crystals  such  as  lithium  niobate  and  lithium  tantalate  (5).  But  the  apparent  disadvantage  is 
substantially  recouped  because  of  the  cube-law  dependence  of  the  electrooptic  change  in  refractive 
index  on  the  refractive  index  -  and  the  much  larger  refractive  index  of  G^s,  InP  and  the  related 
heterostructure  compounds  typically  grown  on  substrates  of  these  crystals. 

The  simplified  relationship  for  the  change  in  refractive  index  produced  when  an  electric  field  is 
applied  to  a  Pockels  effect  material  is: 

A  ^ 

An  =  - — .r 
2 
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The  Pockels  effect  is  linear  in  the  applied  electric  field,  E  -  and  requires  the  crystal  to  be  iion- 
centrosymmetiic  and  correctly  oriented.  It  has  the  vital  feature  of  being  'instantaneous  at 
frequencies  up  to  and  beyond  the  optical  range. 

In  the  context  of  electrooptic  modulation,  GaAs  and  InP  are  important  for  several  reasons.  They 
show  only  a  small  amount  of  refractive  index  dispersion  over  practically  the  whole  range  of 
frequencies  up  to  the  optical  region,  so  that  the  velocity  mismatch  between  microwave  travelling 
waves  supported  by  a  broadband  co-planar  transmission  line  electrode  and  guided  optical  waves  is 
not  inherently  large.  It  is  also  possible  to  integrate  the  electrooptic  function  with  other  impor^t 
functions  of  a  III-V  semiconductor  based  monolithic  inte^ation  technology,  e.g.  light  emission, 
photodetection  and  drive/detection  electronics.  Although  this  kind  of  integration  is  still  not  routine, 
basic  principles  have  been  demonstrated.  But  there  is  a  further  aspect  of  these  semiconductors  to 
mention,  the  electroabsorption  effect  known  as  the  Franz-Keldysh  effect,  which  occurs  in  bulk 
semiconductors  -  and  the  quantum-confined  Stark  effect  (QCSE)  which  is  typically  produced  in 
multiple  quantum  well  (MQW)  epitaxial  structures.  These  structures  have  thin  (2  to  10  nm  thick) 
layers  of  GaAs  or  InGaAs  with  barrier  layers  of  AlGaAs  or  InGaAsP  -  and  may  be  grown  lattice- 
matched,  strained  or  pseudomorphically.  If  the  photon  energy  is  carefully  tuned  into  the  region  just 
below  the  bandgap  energy,  the  quadratic  term  in  the  electrooptic  effect  can  become  much  larger  and 
therefore  enhance  the  refractive  index  modulation  substantially  by  comparison  with  the  Pockels 
effect  alone. 

But  the  III-V  semiconductors  cover  a  much  wider  range  of  compounds  -  and  there  has  recently 
been  an  upsurge  of  interest  in  the  group  III  nitrides,  in  particular  gallium  nitride  (GaN)  and 
epitaxial  heterostructures  containing  ternary  and  binary  layers  based  on  AIN,  GaN  ^d  InN. 
Research  has  been  most  strongly  focused  on  blue  light  emitting  diodes  and  current  injection  diode 
lasers.  Historically,  work  on  growing  epitaxial  films  of  AIN  on  sapphire  was  primarily  motivated 
by  their  potential  use  in  ultrasonics  (6).  Although  it  is  clear  from  its  crystal  symmetry  and 
significant  piezoelectricity  that  AIN  must  be  a  Pockels  medium,  I  have  not  been  able  to  locate 
formation  on  the  magnitude  of  the  electrooptic  effect  in  the  nitride  semiconductors,  so  their  use  in 
the  present  context  must  be  speculative.  Multiplequantum  well  containing  devices  based  on 
excitonic  behaviour  could  be  more  interesting.  II- VI  compounds  tend  to  have  somewhat  larger 
electrooptic  coefficients  than  the  III-Vs.  As  an  example,  ZnTe  has  a  quoted  value  for  of  more 
than  4x10'*^  m.V',  together  with  a  refractive  index  of  just  below  3  at  a  wavelength  of  1  jiva  (5). 
So  II- VI  compound  crystals  should  also  be  given  some  attention. 

We  now  attempt  a  limited  comparison  of  the  properties  of  different  candidate  materials  for  use  in 
Terahertz  electrooptic  modulators.  Fig.  4  and  Fig.  5  show  the  results  of  computations  using  F- 
wave  (7)  for  the  dominant  TM  mode  of  image  guides  on  a  perfectly  conducting  plane,  inside  the 
box  dictated  by  computational  requirements.  The  dielectric  material  from  which  the  guide  is  made 
is  assumed  to  have  a  'bulk'  refractive  index  of  3.  This  value  is  in  the  middle,  approximately,  of  the 
range  which  applies  for  the  various  semiconductors.  As  with  our  previous  calculations  for  the 
material  'lithium  niobate',  the  slab-coupled  rib  of  Fig.  4  gives  a  high  modal  effective  refractive 
index  which  is  2.65  here,  approaching  that  of  the  bulk  material.  Likewise,  the  rib-only  structure  of 
Fig.  5  has  smaller  cross-sectional  dimensions  and  a  considerably  lower  effective  index  value  of 
1.48. 
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Fig.  4:  Cross-section  of  dielectric  image  waveguide  with  slab-coupled  rib  format  and  dominant  TM 
mode  field  pattern  for  medium  with  a  refractive  index  of  3.  Taking  the  free-space  wavelength  of  the 
electromagnetic  wave  as  300  pim  (i.e.  a  frequency  of  1  THz),  the  guide  cross-sectional 
dimensions  are  slab-height  15  |<m,  additional  rib  height  65  /<m  and  rib  width  of  100  nm.  The 
effective  refractive  index  of  the  guided  mode  is  2.65. 


Fig.  5:  Cross-section  of  dielectric  image  waveguide  with  rib-only  format  and  dominant  TM  mode 
field  pattern  for  medium  with  a  refractive  index  of  3.  At  a  free-space  wavelength  of  300  jim,  &e 
rib-guide  cross-sectional  dimensions  are  height  35  jim  and  width  of  50  jim.  The  effective 
refractive  index  of  the  guided  mode  is  1.48. 

Taking  account  of  the  cross-sectional  dimensions,  the  electromagnetic  confinement  is 
approximately  five  times  lower  in  Fig.  4  for  the  generic  semiconductor  than  in  Fig.  2  for  the 
archetypal  ferroelectric.  The  combination  of  more  than  an  order  of  magnitude  smaller  electrooptic 

An  and  much  weaker  confinement  clearly  suggest  that  the  semiconductor  cannot  compete  with  the 
ferroelectric.  But  the  semiconductor  may  be  much  less  dispersive  and  its  electromagnetic 
absorption  in  the  terahertz  regime  is  probably  also  much  smaller.  So  competitiveness  may  be 
partially  restored  in  favour  of  the  semiconductor.  My  view  is,  however,  that  one  should  look  to 
carrier  density  modulation  effects  and/or  quantum  confinement  or  excitonic  effects  for  strong 
terahertz-optical  interactions  in  semiconductors.  Resonant  PBG-based  terahertz  structures  could 
still  be  of  value  in  conjunction  with  such  interactions  in  semiconductors. 

Greneration  of  terahertz  frequency  electromagnetic  oscillations  for  application  to 
electrooptic  modulators 

The  generation  of  even  modest  power  levels  of  coherent  electromagnetic  oscillation  is  already  quite 
difficult  once  the  frequency  required  goes  above  100  GFlz.  We  must  therefore  recognise  the 
severity  of  the  situation  at  1  THz.  For  potential  applications  such  as  short  distance  free-space 
communications,  it  will  be  essential  to  have  rfficient  conversion  of  input  electrical  dc  or  low- 
frequency  ac  power  into  terahertz  wave  power.  It  will  also  be  desirable  to  have  a  direct  modulation 
capability  so  that  conununications  signals  can  be  imposed  directly  on  the  terahertz  carrier. 

Strong  excitation  of  terahertz  acoustic  phonons  has  been  demonstrated  in  AlN/GaN  superlattices 
under  very  short  pulse  laser  illumination.  This  suggests  that,  because  the  medium  is  also 
piezoelectric,  significant  Terahertz  electromagnetic  wave  generation  should  be  possible. 
Nevertheless,  the  overall  conversion  efficiency  from  electrical  input  power  to  output  from  the  laser 
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will  still  be  veiy  low.  The  possibility  of  even  modest  conversion  efficiency  in  carrier  injection 
devices  using  inter-subband  transitions  (8)  makes  this  approach  potentially  attractive  -  and  the 
possibility  of  direct  electrical  modulation  is  also  important  for  communications  applications.  QP 
laser  operation  at  frequencies  as  low  as  ~3  THz  has  been  reported,  but  only  at  cryogenic 
temperatures.  One  can  speculate  that  further  ‘bandgap  engineering’  will  be  teneficid  -  going 
beyond  the  already  high  sophistication  of  the  QC  laser  or  discovering  a  superior  semiconductor 
material  combination  for  such  lasers  or  related  inter-subband  structures.  Resonantly  extracting  the 
terahertzfrequency  component  from  the  fluctations  in  carrier  density  which  occur  in  mode-locked 
semiconductor  lasers  could  also  be  useful. 

Conclusions 

The  prospects  for  using  photonic  bandgap  effects  in  suitably  fabricated  ID  waveguide  photonic 
microstructures  to  enhance  the  strength  of  the  electrooptic  interaction  at  terahertz  frequencies  have 
been  considered.  Both  ferroelectric  and  electrooptic  semiconductors  have  been  assessed.  More 
work  will  be  required,  both  on  measuring  materid  properties  and  in  the  conception  and  fabrication 
of  new  types  of  device  structure,  if  good  electrooptic  performance  is  to  be  achieved. 


References 

1.  R.M.  De  La  Rue,  M.R.S.  Taylor,  K.  Li,  M.  Sasaki,  T.  Hori  and  M.  Izutsu,  "TeraJ^rtz 
frequency  regime  waveguide  photonic  microstructures  for  electro-optic  modulation",  6th  IEEE 
Terahertz  Electronics  Conference,  Leeds,  U.K.,  pp. 106- 109,  2nd-4th  Sept  ( 1998). 

2.  Y.  Qian,  R.  Coccioli,  F-R.  Yang  and  T.  Itoh,  Passive  and  active  component  design  using 
PBG,  6th  IEEE  Terahertz  Electronics  Conference,  Leeds,  U.K.,  pp.  42-45,  2nd-4th  Sept(1998). 

3.  M.Zgoniketal.,  J.  Appl.  Phys.,  74,  pp.1287-1297,  (1993). 

4.  J.M.  Marx  et  al.,  Appl.  Phys.  Lett.,  67,  pp.  1381-1383,  (1995). 

5.  I.P.  Kaminow  and  E.H.  Turner,  ‘Linear  Electrooptical  Materials’,  chapter  15  of  CRC 
Handbook  of  Lasers,  Ed.  By  R.J.  Pressley,  (1971). 

6.  K.Tsubouchi  etal.,  IEEE  Trans.  Sonics  and  Ultrasonics,  SU-32,  pp.  634-644,  (1985). 

7.  F-wave  IV  by  M.R.S.  Taylor,  available  on  the  internet  at  http://eeapp.elec.gla.ac.uk/  . 

8.  P.  Harrison  etal..  Quantum  well  intersubband  transitions  as  a  source  of  ter^ertz  radiation’,  6th 
IEEE  Terahertz  Electronics  Conference,  Leeds,  U.K.,  pp.74-77,  2nd-4th  Sept  (1998). 


138 


Tunable  solid-state  terahertz- wave  sources: 
New  ideas  and  prospects 

S.  A.  Mikhailov 

Max-Planck  Institut  fur  Physik  komplexer  Systeme,  Nothnitzer  Str.  38, 

D-01187  Dresden,  Germany 


ABSTRACT 

An  idea  to  build  a  solid-state  analog  of  vacuum  travelling  and  backward  wave  tubes  operating  in  the  THz  frequency 
range  has  long  been  discussed  in  the  literature.  Experiments  directed  to  the  realization  of  this  idea  using  the  radiative 
decay  of  grating-coupled  two-dimensional  (2D)  plasmons  in  semiconductor  heterostructures  have  been  made  since 
1980,  however  the  intensity  of  emitted  radiation  remains  too  low  so  far.  A  general  theory  presented  here  describes 
the  main  physical  phenomena  underlying  the  operation  principle  of  this  kind  of  devices,  and  answers  the  two  most 
important  practical  questions;  why  the  devices  have  not  worked  properly,  and  what  should  be  done  to  improve  their 
characteristics.  Particular  attention  is  given  to  recently  proposed  ideas  of  using  the  quantum-wire  (or  quantum-dot) 
gratings,  instead  of  commonly  employed  metal  ones.  The  use  of  the  new  type  of  gratings  is  shown  to  lead  to  a 
substantial  reduction  of  the  threshold  velocity  of  amplification,  and  to  a  very  large  enhancement  (by  a  few  orders 
of  magnitude)  of  the  gain.  Physically,  this  is  a  consequence  of  the  resonant  interaction  of  plasma  waves  in  the  2D 
electron  layer  and  in  the  quantum-wire  (quantum-dot)  grating.  Specific  recommendations  on  how  to  build  a  tunable 
semiconductor  travelling  wave  tube  are  formulated,  unsolved  theoretical  problems  are  discussed. 

Keywords:  Smith-Purcell  effect;  Quantum  wells,  quantum  wires,  quantum  dots;  Current  driven  plasma  instability; 
Two-dimensional  plasmons;  Amplification  and  generation  of  terahertz  radiation. 

1.  INTRODUCTION 

Recent  advances  in  modern  semiconductor  technology  have  made  it  possible  to  realize  high-quality  semiconductor 
structures  with  low-dimensional  electron  systems  (ES):  quantum  wells,  quantum  wires,  quantum  dots.  It  became 
also  possible  to  combine  quantum  wells,  wires  and  dots  in  more  complicated  structures  consisting  in,  for  instance, 
a  two-dimensional  (2D)  electron  layer  and  an  adjacent  quantum  wire  (or  quantum  dot)  array.  Figure  1.  If  a  strong 
direct  current  is  pcissed  through  the  2D  electron  layer  in  the  direction  perpendicular  to  the  (quantum-wire)  grating 
strips  (the  direction  of  the  current  is  of  no  importance  in  the  case  of  a  quantum-dot  grating) ,  the  structure  resembles 
the  geometry  of  the  Smith-Purcell  experiment,^  and  one  could  expect  a  generation  of  electromagnetic  waves  from 
the  structure  with  the  frequency 

w/23r~vo/a,  (1) 

where  vq  is  the  drift  velocity  of  electrons  and  a  is  the  grating  period.  Physically,  the  effect  is  due  to  a  current-driven 
instability  of  2D  plasmons  in  the  2D  electron  layer:  plasmons  derive  their  energy  from  the  current  and  convert  it  to 
the  energy  of  electromagnetic  radiation  by  means  of  the  grating  coupler.  The  operating  frequency  of  such  type  of 
amplifier  or  oscillator  would  fall  in  the  terahertz  range  (from  ~  0.3  THz  to  a  few  THz). 

An  idea  to  use  the  Smith-Purcell  effect  in  low-dimensional  semiconductor  structures  for  a  creation  of  tunable 
solid-state  sources  of  terahertz  radiation  heis  long  been  discussed  in  the  literature.  A  number  of  far-infrared  emission 
experiments  have  been  directed  to  the  realization  of  this  idea.^~^  A  weak  radiation  has  been  actually  observed,  but 
its  frequency  depended  not  on  the  drift  velocity  vq,  but  on  the  density  of  2D  electrons  713*  •  With  a  good  accuracy 
the  frequency  of  radiation  has  been  shown  to  coincide  with  the  frequency  of  2D  plasmons 

1/2 

w  =  Wp2(g)  =  (2n-n2e^q/m2e)  (2) 
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Figure  1.  The  structure  under  consideration  (side  view):  a  2DES  with  a  flowing  direct  current  (the  drift  velocity 
Vo),  and  an  adjacent  grating  coupler  in  the  form  of  a  quantum  wire  (or  quantum  dot)  array. 


with  the  wave-vector 

q  =  Gm  =  (27rm/a,0),  m  =  ±l,±2, (3) 

determined  by  reciprocal  lattice  vectors  G„.  Here  e  and  m2  are  the  charge  and  effective  mass  of  2D  electrons, 
respectively,  and  e  is  the  dielectric  permittivity  of  the  surrounding  medium.  In  addition,  the  intensity  of  the  emitted 
radiation  turned  out  to  be  very  low  to  be  promising  for  device  applications.  The  problem  of  building  tunable 
semiconductor  far-infrared  sources  based  on  low-dimensional  electron  structures  —  solid-state  analogs  of  the  travelling 
wave  tube  -  remains  to  be  solved  so  far. 

A  theory  of  plasma  instabilities  in  2D  electron  systems  has  been  developed  by  Krasheninnikov  and  Chaplik.^° 
They  showed,  in  particular,  that  in  order  to  observe  the  current-driven  plasma  instability  in  low-dimensional  semi¬ 
conductor  structures,  the  drift  velocity  of  2D  electrons  should  exceed  a  threshold  value  which  is  determined,  roughly, 
by  the  condition, 

uo  >  vth  »  Wp2(9)/?.  (4) 

For  typical  experimental  parameters'^’’  (n2  ~  1  x  10’’  cm”^,  a  ~  1  fim,  q  ~  21^ jo)  Eq.  (4)  gives  Uth  —  5-5  x  cm/s, 
which  requires  very  strong  driving  electric  fields.  On  the  other  hand,  the  average  drift  velocity  Uav  of  2D  electrons  is 
restricted  by  scattering.  The  dominant  scattering  mechanism  of  2D  electrons  in  a  strong  electric  field  is  the  emission 
of  LO  phonons.  Estimating  Uav  in  a  GaAs  sample  with  fiwio  =  36  meV  and  m2  =  0.067  one  gets 

~  (hwi,o/2m2)’^^  «  2.1  X  lO'*’  cm/s  (5) 


(the  experimentally  meeisured  value  «  1.9  x  10^  cm/s  agrees  well  with  this  estimate,  see  Ref.®).  The  estimate 
(5)  gives  the  upper  bound  of  the  drift  velocity  of  2D  electrons  in  the  considered  structures.  Thus,  in  order  to  satisfy 
the  condition  vq  >  vth  one  should  find  the  ways  of  a  substantial  reduction  of  the  threshold  velocity.  This  could  be 
achieved  by  using  the  structures  with  smaller  2D  electron  densities,  submicrometer  periods  a  ~  0.1  pm  and/or  by 
exciting  the  higher  2D  plasmon  harmonics  (m  =  2, 3, . . .).  This  leads,  however,  to  an  essential  decrease  of  amplitudes 
of  the  transmission  (reflection,  absorption)  resonances. 


In  all  experimental  studies  so  far  only  the  metal  gratings  heis  been  used  for  coupling  the  plasma  oscillations  in 
the  2DES  with  external  electromagnetic  field.  It  has  been  recently  shown”’’^  that  the  problem  outlined  above  can 
be  solved  by  using  the  quantum  wire  (or  quantum  dot)  grating,  instead  of  the  commonly  employed  metal  ones.  The 
plasma  parameters  of  quantum  wires  or  dots  (the  plasma  frequency  Wpi,  the  scattering  rate  71)  are  of  the  same 
order  of  magnitude  as  in  the  2DES,  and  falls  in  the  THz  range.  Due  to  the  resonant  interaction  of  plasmons  in  the 
2DES  and  in  the  grating  the  resonance  amplitudes  can  be  enhanced  by  a  few  orders  of  magnitude. ’’’’^  Due  to  this 
resonant  Smith-Purcell  eflfect  one  can  effectively  use  the  excitation  of  higher  2D  plasmon  harmonics  in  samples  with 
low  2D  electron  density  and  with  short  (submicrometer  scale)  grating  periods.  As  a  result,  the  threshold  velocity  of 
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amplification  can  be  reduced  down  to  experimentally  achievable  values,  and  the  gain  of  the  structure  can  be  increased 
by  a  few  orders  of  magnitude  compared  to  the  structures  with  metal  gratings. 

In  this  paper  we  present  a  general  theory  which  describes  the  main  physical  phenomena  underlying  the  oper¬ 
ation  principle  of  the  considered  type  of  devices,  formulate  specific  recommendations  on  how  to  build  a  tunable 
semiconductor  “travelling  wave  tube”,  and  discuss  further  unsolved  theoretical  problems. 

2.  THEORY 

In  this  Section  we  follow,  mainly,  the  general  approach  developed  in  Ref.^^  We  consider  the  scattering  of  light  on  the 
structure  “grating  coupler  -  2DES”  shown  in  Fig.l.  The  grating  coupler  is  treated  as  an  infinitely  thin  conducting 
layer  with  an  electron  density 

Ari(a;)J(2)  =  ^ni(a:  —  afc)(S(2),  (6) 

k 

placed  in  the  plane  z  =  0.  The  continuous  function  ni(a:)  is  assumed  to  be  zero  at  |x|  >  W/2  and  an  arbitrary  nonzero 
function  at  |a;|  <  W/2,  where  W  is  the  width  of  the  grating  strips  and  a  is  the  grating  period.  The  conducting  layer 
(2DES)  is  placed  in  the  plane  z  =  D  and  is  described  by  the  frequency,  wave-vector,  and  drift-velocity  dependent 
conductivity  o'2D(q,tj,  uo).  Electromagnetic  wave  is  assumed  to  be  incident  upon  the  structure  along  the  z  axis  with 
the  electric  vector  being  polarised  in  the  x  direction,  perpendicular  to  the  grating  strips.  A  strong  direct  current 
is  flowing  in  the  2DES  in  the  ^-direction.  The  system  is  infinite  in  the  y  direction,  and  the  background  dielectric 
constant  e  is  uniform  in  all  the  space. 

The  total  electric  field  in  all  the  space  satisfies  the  Maxwell  equations, 

V  X  (V  X  [j'^(x)<J(z)  +J^^(x)S{z  -  D)]  (7) 

with  scattering  boundary  conditions  at  z  — >•  ±oo.  We  expand  the  solution  in  Fourier  series  over  reciprocal  lattice 
vectors,  apply  the  boundary  conditions  at  the  planes  z  —  0  and  z  =  D,  use  the  relation  —  <T2p(G,a))£'*°Q|2=i) 
between  the  current  in  the  2DES  and  the  total  electric  field  at  the  plane  z  =  D,  and  finally  come  to  the  following 
integral  equation  for  the  total  electric  field  =  E^*’{x,z  =  0)  at  the  plane  z  —  0  of  the  grating 


Er{x)  =  £oW(0,^)  +  -H  j  ^WL{x  -  x')Er{x').  (8) 

Here  Eq  is  the  amplitude  of  the  electric  field  in  the  incident  wave,  the  kernel  L{x—x')  is  determined  by  the  expressions 

J.,  _  ^  y-  ^n^^iG.(r-r')^  (g) 

^  kg 

e2p(G,w)  is  the  (relative)  “dielectric  permittivity”  of  the  2DES, 

C2d{G,u)  =  1 - — ^cr2£>(G,  w),  (11) 

UJ€ 

((7ip(w))  is  the  local  conductivity  of  electrons  in  the  grating  strips,  averaged  over  the  area  of  the  strip,  (...)  = 
f(...)dx/W, 

i9(x)  =  ni(x)/(ni(x)}  (12) 

is  a  normalized  electron  density  in  the  grating  strip,  /  =  W/a  is  the  geometrical  “filling  factor”  of  the  grating,  and 

Kg  =  «G  =  Im  kq  <  0.  (13) 
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From  this  point  on  we  apply  a  more  general  approach  to  the  solution  of  Eq.  (8)  than  that  of  Ref.^^  Let  On(®) 
be  a  set  of  orthogonal  functions  at  the  interval  |a;|  <  Wj"!,  which  satisfy  the  conditions 

j  ^Hx)On(x)Orr^ix)  =  •  (14) 

Let  us  expand  the  unknown  electric  field  (at  |a;'|  <  VF/2)  over  the  orthogonal  functions  On{x), 

OO 

n=0 

Substituting  (15)  into  Eq.  (8),  multiplying  it  by  i?(a:)Om(x)  and  integrating  over  dx  we  get  an  infinite  set  of  equations 


^  MmnCn  =  EqW {0 ,  Uj)SmO , 


where  the  matrix  Mmn  has  the  form 


=  J™  +  V  tV(G,^)«o;S..,(G)«;(G).  (17) 

the  factors  /?m(G)  =  {^(a:)Om(^)e’^  *')  are  determined  by  the  density  profile  function  j?(x),  and  the  star  means  the 
complex  conjugate.  If  the  matrix  equation  (16)  is  solved  (i.e.  the  coefficients  Cn  are  found),  we  obtain  the  electric 
field  E^°^{x')  inside  the  grating  strips  (at  \x'\  <  W/2).  Equation  (8)  then  gives  the  field  El°^(x)  at  all  x,  and  the 
problem  is  completely  solved.  So,  in  order  to  get  the  solution,  we  need  to  invert  the  matrix  Mmn,  Eq.  (17). 

Equation  (16)  is  solved  by  truncating  the  matrix  Mmn  to  a  finite  size  N  x  N .  In  Ref.^^  the  problem  was  solved 
approximately,  assuming  that  =  1,  i.e.  Co  =  £'okF(0,ai)/Afoo  (a  justification  and  physical  consequences  of  this 
approximation  have  been  also  discussed  in^^).  Here  we  make  the  next  step,  keeping  two  terms  in  the  expansion  (15). 
The  final  result  for  the  transmission  and  reflection  amplitudes  of  the  structure  assumes  the  form 


w  X  ,  ,  7  ^  1  A  27r/(crii>(w))'\ 

t(w)  =  1  +  r(w)  = - j- — r  I  1 - —  )  > 

^2d{0,u))  \  c^Ci^)  ) 


where  the  response  function 


= wh^)  ("” "  ■ 


MioMqi 

Mn  . 


differs  from  that  used  in  Ref.^^  by  the  terms  proportional  to  MioMoi-  In  formulas  (18),  (19)  we  have  used  that 
both  the  period  of  the  grating  a  and  the  distance  between  the  2DES  and  the  grating  D  are  small  compared  to  the 
wavelength  of  radiation.  The  transmission,  reflection  and  absorption  coefficients  are  determined,  as  usual,  by  the 
formulas  T{uj)  =  |f(w)p,  R(u))  =  lr(w)p,  and  ^4(0;)  =  1  —  i?(w)  —  T(w). 

In  the  rest  of  the  paper  we  apply  the  results  of  the  theory  to  an  analysis  of  the  transmission  spectra  of  the 
structure  shown  in  Figure  1  with  a  quantum-wire  or  a  metal  grating.  We  assume  a  semielliptic  density  profile 

i?(x)  =  (4/7r)Vl  -  (2x/W)2,  (20) 

a  Drude-type  model  for  the  average  conductivity  of  electrons  in  the  grating 


(o-ip(w))  = 


and  a  hydrodynamic  model  for  <T2p(q,iJ,«^o), 


o-2£)(q,w,t;o)  = 


mi  w  -f  171 


iun2e^fm2 


(w  -  qvo)(w  -  qvo  +  172)  ’ 
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where  rii,  m,-,  and  7,  are  the  average  electron  density  (ni  =  {ni(a;))),  the  electron  effective  mass,  and  the  phenomeno¬ 
logical  momentum  relaxation  rate  in  the  grating  {i  =  1)  and  in  the  2DES  (i  =  2),  respectively  (numerical  parameters 
correspond  to  a  GaAs-based  semiconductor  heterostructure).  The  relaxation  rate  of  electrons  in  the  grating  71  is 
determined  by  the  quasi-elastic  scattering  of  electrons  by  impurities  and  acoustic  phonons.  The  electron  relaxation 
rate  in  the  2DES  72  is  determined  by  the  same  scattering  mechanisms  in  the  low-field  regime,  and  by  strongly 
inelastic  scattering  of  electrons  (due  to  emission  of  optical  phonons)  in  strong  electric  fields.  The  relaxation  rates 
are  considered  as  phenomenological  parameters  of  the  theory,  which  can  be  extracted  from  experimentally  measured 
low-field  and  high-field  electron  mobilities  of  the  structure. 

3.  RESULTS 

3.1.  No  current;  absorption 

Figures  2  and  3  demonstrate  the  frequency  dependent  transmission  coefficients  of  the  structure  “metal  grating  - 
2DES”  (Fig.  2)  and  “quantum-wire  grating  -  2DES”  (Fig.  3),  under  the  condition  when  no  current  is  flowing  in  the 
2DES,  Vo  =  0.  In  both  cases  one  sees  a  number  of  resonances  associated  with  a  few  lowest  2D  plasmon  harmonics 
and,  in  the  case  of  the  quantum  wire  grating,  -  with  the  grating  plasmon.  The  most  important  characteristic  feature 
of  the  quantum-wire  grating  structures  is  the  larger  amplitude  of  the  resonances.  Comparing  Figures  2c  and  3  one 
sees  that  they  are  stronger  by  at  least  one  order  of  magnitude  than  in  the  metal  grating  structures.  This  is  due  to 
the  resonant  interaction  of  plasmons  in  quantum  wires  and  in  the  2DES.  Indeed,  the  plasma  frequency  in  metals 
is  3-4  orders  of  magnitude  larger  than  the  2D  plasmon  frequency;  therefore,  the  metal  grating  completely  screens 
the  plasma  oscillations  in  the  2DES,  and  the  coupling  efficiency  of  the  metal  grating  turns  out  to  be  rather  low. 
The  plasma  frequency  in  quantum  wires  is  of  the  same  order  of  magnitude  as  in  the  2DES;  due  to  the  resonant 
interaction  of  the  plasmons  the  coupling  efficiency  of  the  grating  resonantly  increases  by  orders  of  magnitude.  This 
is  the  main  effect  which  leads  to  the  dramatic  improvement  of  device  characteristics  at  finite  vo  in  structures  with 
the  quantum-wire  grating. 

Another  important  feature  of  the  transmission  spectra  of  Figures  2  and  3  is  an  oscillating  dependence  of  the 
amplitudes  of  resonances  on  the  geometrical  filling  factor  /  =  W/a.  Under  certain  conditions  some  2D  plasma  modes 
disappear  at  all  (e.g.  Fig.  2a,  the  mode  m  =  2).  The  largest  values  of  the  oscillator  strengths  can  be  obtained  if  the 
geometrical  parameters  of  the  (quantum-wire)  grating  satisfy  the  conditions 

W/a  =  jo,,/7rm,  D/W<l/4jo,s,  s  =  l,2,...,  (23) 

where  m  is  the  2D  plasmon  mode  index  and  jo, a  are  zeros  of  the  Bessel  function  Jo(x).^ 

3.2.  Finite  current;  amplification 
3.2.1.  Structure  2DES  -  metal  grating 

Now  we  consider  the  transmission  of  far-infrared  radiation  through  a  grating  coupled  2DES  at  finite  drift  velocities 
Vo  ^  0.  Figure  4  demonstrates  the  general  behaviour  of  the  transmission  spectra  T(ui,vq)  of  the  structure  with  the 
metal  grating.  The  drift  velocity  uq  changes  from  U  =  vo/vf2  =  0  for  the  curve  a  up  to  17  =  8  for  the  curve  b  {vf2 
is  the  Fermi  velocity  of  2D  electrons  in  the  2DES).  For  parameters  of  Figure  4  the  Fermi  velocity  of  2D  electrons  is 
about  3.3  X  lO'^'  cm/s,  so  that  the  value  of  17  =  8  corresponds  to  the  drift  velocities  far  beyond  the  experimentally 
achievable  limit  (5).  Nevertheless,  we  analyse  the  curves  in  Figure  4  in  order  to  understand  physics  of  the  considered 
effects.  The  methods  of  substantial  reduction  of  threshold  velocities  are  discussed  below. 

When  uo  =  0  (the  curve  a  in  Figure  4)  one  sees  a  number  of  resonances  associated  with  2D  plasmon  harmonics 
(2),  see  Figure  2.  When  vo  increases,  the  2D  plasmon  modes  are  splitted  and  assume  the  form  of  the  Doppler  shifted 
2D  plasmon  resonances, 

W  «  ±Wp2(Cm)  ±  GmVo-  (24) 

^For  a  qucintum-dot  grating  with  the  square  lattice  of  dots  [Gm.n  =  2n’(m,n)/a]  a  simileir  condition  exists.  In  particular, 
one  can  show  that  the  oscillator  strength  of  the  (m,  n)-th  plasmon  harmonic  is  proportioned  to  +  n^R/a),  where 

R  is  the  radius  of  the  dots.  Thus,  the  (m,  n)-th  mode  disappeeirs  if  the  eirgument  of  the  Bessel  function  here  coincides  with 
zeros  of  73/2(2^). 
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Figure  2.  The  transmission  spectra  of  the  structure  “metal  grating  —  2DES”  at  different  values  of  Wj a.  Geometrical 
parameters:  a  =  1  /zm,  D  =  60  nm.  Parameters  of  the  2D  layer:  nj  =  3  x  10^^  cm“^,  72  =  0.7  x  10^^  s  rn^  —  0.067 
(the  mobility  /Z2  =  375000  cmVVs).  The  grating  parameters  (nj  =  6  x  10^®  cm-^,  71  =  1.1  x  10^“^  s'S  mi  -  1) 
correspond  to  a  typical  (Au)  grating  coupler.  The  dielectric  constant  is  e  =  12.8.  Triangles  shovr  the  calculated 
positions  of  the  2D  plasmon  harmonics  (2)  for  m  =  1, . .  .,4. 

Figure  3.  The  transmission  spectra  of  the  structure  “quantum  wire  grating  —  2DES”  at  different  values  of  the 
grating  plasmon  frequency  Upi  at  a  =  1  fim,  D  —  QO  nm,  and  W  =  0.2  fim.  Parameters  of  the  2D  layer  and  the 
dielectric  constant  e  are  the  same  as  in  Figure  2.  Parameters  of  the  grating:  71  =  0.7  x  10^^  s  mj  =  0.067,  the 
electron  density:  (a)  =  4  x  10^^  cm~^,  (b)  fiji  =  2.5  x  10^^  cm~^,  (c)  rigi  =  1  x  10^^  cm  Triangles  show 

the  calculated  positions  of  the  2D  plasmon  harmonics  (2)  for  m  =  1, . .  .,4,  open  triangles  show  the  positions  of  the 
grating  plasmon. 

When  tJo  becomes  sufficiently  strong,  one  of  these  modes, 

—Up2{G 

m  )  +  Gm'Vo,  (25) 

becomes  unstable,  and  the  transmission  coefficient  of  the  structure  at  the  frequency  (25)  exceeds  unity,  —  the  wave  is 
amplified.  It  is  these  conditions  that  correspond  to  the  standard  Smith-Purcell  effect.  One  sees  that  in  order  to  get 
the  amplification  of  radiation,  the  drift  velocity  should  exceed  a  threshold  value  roughly  determined  by  the  inequality 

Vo>vrk^C,p2(Gm)/Gm  (26) 

(more  accurate  estimate  of  r<th  is  given  in^^).  The  condition  (26)  was  fulfilled  in  the  Smith-Purcell  experiment^,  as 
well  as  in  vacuum  travelling  wave  amplifiers.  In  semiconductor  structures,  however,  the  threshold  velocity  is  typically 

Hn  Ref.*  the  energy  of  electrons  in  the  beam  was  300  keV,  the  grating  period  1.67  pm,  and  the  bulk  plasma  frequency  in 
the  beam  u)p  ~  1.5  x  10®  s“*.  The  ratio  vo/v(h~*  can  then  be  estimated  as  ~  6  x  10®. 
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Figure  4.  The  transmission  spectra  of  the  structure  “metal  grating  -  2DES”  at  different  values  of  the  dimensionless 
drift  velocity  17  =  17  =  0  for  the  curve  a,  and  17  =  8  for  the  curve  6.  Parameters  of  the  structure:  n2  =  6xl0^^ 

cm-2,  72  =  0.7  X  10“  s-^  m2  =  0.067;  ni  =  6  x  10*»  cm'^,  7,  =  1.1  x  10“  s'^  mi  =  1;  e  =  12.8;  a  =  2  pm, 
W  =  0.6  pm,  £)  =  80  nm.  Triangles  show  the  calculated  positions  of  the  2D  plasmon  harmonics  (2)  for  m  =  1, . . . ,  5. 

Figure  5.  The  same  as  in  Figure  4  but  for  n2  =  1  x  10^^  cm“^,  a  =  0.4  pm  and  W  =  0.12  pm. 

essentially  larger  than  the  limiting  value  (5) ,  which  explains  the  very  low  intensity  of  the  emitted  THz  radiation  in 
experiments  made  so  far.  For  instance  in  Ref.^  (a  GaAs/AlGaAs  heterostructure  with  a  metal  grating,  02  =  5.4  x  10^^ 
cm“^,  a  =  2  pm  and  a  =  3  pm,  the  mobility  of  2D  electrons  p  =  4  x  10®  cm^/Vs  and  the  maximum  driving  electric 
field  ~  7.5  V/cm)  the  estimated  drift  and  threshold  velocities  were  uo  «  3  x  10®  cm/s  and  »  1.8  x  10®/ y/m  cm/s, 
respectively. 

One  could  try  to  reduce  the  threshold  velocity  of  amplification  in  structures  with  metal  gratings  by  changing 
parameters  of  the  system.  As  seen  from  the  estimate  (26),  uJJ  decreases  if 

•  the  density  of  2D  electrons  n2  goes  down, 

•  the  grating  period  a  goes  down, 

•  the  2D  plasmon  harmonic  index  m  goes  up. 

Compared  to  parameters  of  Figure  4,  both  the  density  of  electrons  712  and  the  grating  period  a  can  be  reduced  by  at 
least  one  order  of  magnitude  (the  structures  with  such  parameters  have  been  experimentally  realized,  see  e.g.®'^®). 
Exploring  the  excitation  of  modes  with  m  =  2,3,4,  instead  of  the  fundamental  mode  m  =  1,  one  could  reduce,  in 
principle,  the  threshold  velocity  of  amplification  down  to  experimentally  achievable  values. 
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Figure  6.  The  transmission  spectra  of  the  structure  “quantum-wire  grating  -  2DES”  with  the  same  parameters 
of  the  2DES  and  the  same  geometrical  parameters  of  the  grating  as  in  Figure  4,  but  for  ni  =  n2  =  6  x  10^^  cm 
-yi  =  72  =  0.7  X  10“  s“S  and  mi  =  m2  =  0.067.  Black  triangles  -  the  calculated  frequencies  (2)  of  the  2D  plasmons, 
open  triangle  -  the  calculated  frequency  of  the  grating  plasmon.  The  curve  a  corresponds  to  U  =  0,  the  curve  6  -  to 
U  =  8. 

Figure  7.  The  transmission  spectra  of  the  structure  “quantum-wire  grating  -  2DES”  with  ni  =  n2  =  1  x  10^^ 
cm-2,  7i  =  72  =  1.3  X  10“  s'S  mi  =  m2  =  0.067,  and  a  =  0.4  fim,  W  =  0.12  ^m,  D  =  20  nm.  Black  triangles  - 
the  calculated  frequencies  (2)  of  the  2D  plasmons,  open  triangle  -  the  calculated  frequency  of  the  grating  plasmon. 
The  curve  a  corresponds  to  U  =  0,  the  curve  b  -  to  U  =  8. 

On  this  way,  however,  another  difficulty  arises.  As  seen  from  Figure  4,  the  higher  the  mode  index  m,  the  smaller 
the  amplitude  of  resonances.  The  same  is  valid  for  structures  with  smaller  electron  density  and  grating  period:  the 
smaller  and  a,  the  smaller  the  amplitude  of  resonances.  This  can  be  seen  from  comparison  of  the  transmission 
spectra  in  Figures  5  and  4  (note  a  very  large  difference  in  the  vertical  axis  scales  in  the  Figures). 

Does  this  mean,  that  the  aim  to  build  a  solid-state  analog  of  travelling  wave  tubes  based  on  the  low-dimensional 
electron  systems  is  unattainable?  Hopefully,  not. 

Fortunately,  nature  proposes  a  nice  possibility  to  overcome  this  difficulty.  As  we  have  seen  above,  in  semiconductor 
structures  one  can  realize  a  new  type  of  resonant  grating  couplers  -  the  quantum-wire,  or  quantum-dot  gratings.  In 
structures  with  such  gratings  the  amplitude  of  resonances  substantially  increases,  and  finally,  one  gets  a  pronounced 
reduction  of  threshold  velocities  and  a  large  enhancement  of  the  gain. 

3.2.2.  Structure  2DES  -  quantum-wire  grating 

Figure  6  demonstrates  the  transmission  spectra  of  the  structure  “quantum-wire  grating  -  2DES”.  The  physical 
parameters  of  the  2DES  (n2,  72,  and  m2),  as  well  as  the  geometrical  parameters  of  the  grating  (a,  W,  and  D)  are 
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Figure  8.  The  transmission  spectra  of  the  structure  “quantum-wire  grating  -  2DES”  with  rii  =  0.8  x  10^^  cm“^, 
n2  =  1  X  10^^  cm“^,  7i  =  72  =  1  X  10^^  s~^,  mi  =  m2  =  0.067,  and  a  =  0.2  //m,  W  =  0.106  /im,  D  =  20  nm.  Black 
triangles  -  the  calculated  frequencies  (2)  of  the  2D  plasmons,  open  triangle  -  the  frequency  of  the  grating  plasmon. 
The  curve  a  corresponds  to  U  =  0,  the  curve  b  -  to  U  =  6.  The  Fermi  velocity  in  the  2DES  is  vf2  =  1.37  x  10^  cm/s. 

Figure  9.  The  transmission  spectra  of  Figure  8  on  an  enlarged  scale.  The  curve  a  corresponds  to  U  =  1.1,  the 
curve  h-toU  =  2.1. 

the  same  as  in  Figure  4.  The  physical  parameters  of  the  grating  (ni,  71,  and  mi)  are  chosen  to  be  similar  to  those 
of  the  2DES. 

In  addition  to  the  drift-velocity  dependent  2D  pleismon  resonances,  a  new,  drift-velocity  independent  resonance, 
associated  with  the  quantum- wire  grating  plasmon,  appears  in  Figure  6.  Due  to  the  resonant  interaction  of  the  grating 
plasmon  with  the  2D  ones,  the  amplitude  of  the  unstable  2D  plasmon  resonances  increases  near  their  intersection 
with  the  grating  plasmon.  As  a  result,  a  huge  enhancement  of  amplification  of  THz  radiation  is  seen  for  the  modes 
with  m  =  2,  m  =  3,  and  even  for  the  higher  modes  with  m  =  5  and  m  =  6.  Figure  6  thus  clearly  demonstrates  that 
employing  the  quantum- wire  grating  one  can  effectively  use  the  higher  2D  plasmon  harmonics  and  hence  reduce  the 
threshold  velocity. 

Figure  7  demonstrates  the  transmission  spectra  of  the  structure  “quantum-wire  grating  -  2DES”  with  a  smaller 
value  of  the  2D  electron  density  and  a  shorter  grating  period.  A  resonant  enhancement  of  the  gain  is  also  seen  in 
the  Figure,  and  the  threshold  velocity  is  substantially  reduced  compared  to  Figure  6. 

Figures  8  and  9  provide  another  example  of  the  transmission  spectra  of  the  structure.  A  substantial  amplification 
of  radiation  can  be  seen  already  at  experimentally  achievable  values  of  the  drift  velocity  of  2D  electrons;  the  group 
of  curves  d  in  Figure  9  (the  unstable  2D  plasmon  mode  with  m  =  3)  corresponds  to  vq  ^  1-9  x  10^  cm/s.  The 
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Figure  10.  The  same  as  in  Figure  9  but  for  the  metal-grating  structure.  Note  the  very  large  difference  in  the 
vertical  axis  scales  in  this  Figure  and  in  Figure  9. 

Figure  11.  The  same  as  in  Figure  9  but  for  7i  =  72  =  3  x  10^^  s"^. 


threshold  velocity  can  be  reduced  further  by  using  2DES’s  with  2D  electron  density  below  02  =  1  x  10  cm  (see 
Ref.^^).  Another  possibility  substantially  to  reduce  the  threshold  velocity  (roughly,  by  a  factor  of  two)  consists  in 
using  the  counter- streaming  eXectroa  flows  in  adjacent  low-dimensional  electron  layers.  The  structures  with  two  close 
separately  contacted  2DES’s  have  been  experimentally  realized,  e.g.,  in  Ref.^^ 

It  should  be  emphasized  ones  more  that  the  large  absolute  value  of  the  gain  in  Figure  9  is  due  exclusively  to  the 
use  of  the  quantum-wire  grating.  Figure  10  shows  the  transmission  spectra  of  a  grating-coupled  2DES  with  the  same 
parameters  of  the  2DES  and  the  same  geometrical  parameters  of  the  grating,  as  in  Figure  9,  but  for  the  metaZ-grating 
structure.  One  sees  resonant  features  related  to  the  unstable  2D  plasmon  modes  with  m  =  2  and  3,  but  the  value  of 
the  gain  is  about  two  orders  of  magnitude  smaller  than  in  the  case  of  the  quantum-wire  grating! 

Finally,  we  discuss  the  influence  of  the  relaxation  rates  71  and  72  on  the  transmission  spectra  of  the  structure 
“2DES  —  quantum- wire  grating”.  In  Figure  11  we  show  the  transmission  spectra,  similar  to  those  of  Figure  9, 
but  for  the  three  times  larger  values  of  the  relaxation  rates  71  and  72  (71  =  72  =  1  x  10^^  s  ^  in  Figure  9  and 
7i  =  72  =  3  X  10^^  s“^  in  Figure  11).  The  amplification  resonance  associated  with  2D  plasmon  mode  m  =  3  (curves 
d)  disappears,  while  that  corresponding  to  the  mode  m  =  2  still  exists,  although  in  a  narrower  frequency  range.  One 
can  show  that  the  m-th  2D  plasmon  harmonic  is  unstable,  and  hence  the  transmission  coefficient  at  the  corresponding 
frequency  exceeds  unity,  if  the  condition 

7i72  <  dipiWp2(Om)|^|  (7r/m)  exp(— 2|Gm|fl)  (27) 

is  satisfied  (the  semielliptic  density  profile  in  the  wires  (20)  is  assumed).  Equation  (27)  explains  the  difference 
between  the  spectra  of  Figures  9  and  11. 


148 


Equation  (27)  provides  the  estimate  of  the  upper  boundary  of  the  relaxation  rates  (the  lower  boundary  of  the 
2D  electron  mobilities)  at  which  the  amplification  of  THz  radiation  can  still  be  observed  in  structures  with  quantum 
wire  gratings. 

4.  DISCUSSION 

4.1.  How  to  build  a  tunable  semiconductor  terahertz- wave  amplifier? 

Now  we  can  answer  the  two  most  important  practical  questions:  Why  the  semiconductor  devices  based  on  the 
discussed  principle  did  not  work  so  far?  and  What  should  be  done  to  build  a  successfully  working  semiconductor 
analog  of  the  travelling  (backward)  wave  tubes? 

The  semiconductor  devices  which  have  been  studied  so  far  did  not  work  properly  because  the  average  drift 
velocity  of  2D  electrons  in  semiconductors  is  strongly  restricted  by  the  emission  of  LO  phonons,  Eq.  (5),  but  the 
required  threshold  velocity  of  amplification  substantially  exceeded  this  value  (at  parameters  used  in  experiments). 
The  threshold  velocity  could  be  reduced  by  using  the  structures  with  lower  electron  density  in  the  2DES  and  shorter 
periods  of  the  grating,  but  the  amplitudes  of  the  unstable  plasma  resonances  (the  gain)  becomes  negligibly  small  in  the 
structure  with  commonly  employed  metal  gratings.  In  fact,  as  seen  from  the  above  analysis,  the  LO  phonon  emission 
by  2D  electrons  in  strong  electric  fields  leaves  practically  no  hope  for  the  realization  of  a  solid-state  travelling  wave 
tube  on  the  basis  of  commonly  employed  structures  “2DES  -  metal  grating” .  The  use  of  the  resonant  interaction  of 
plasma  waves  in  the  2DES  and  in  the  quantum-wire  (or  similar)  grating  (the  resonant  Smith-Purcell  effect)  provides 
a  possible  solution  of  this  problem. 

How  to  build  a  successfully  working  semiconductor  terahertz-wave  amplifier  (oscillator)  based  on  the  grating 
coupled  low-dimensional  electron  system  shown  in  Figure  1?  A  set  of  specific  recommendations  listed  below  gives  an 
approximate  outline  of  requirements  which  should  be  met  in  order  to  build  a  successfully  working  device. 

•  The  grating  coupler  must  be  made  out  of  a  material  with  plasma  parameters  (wpi,  71)  similar  to  those  of  the 
2DES.  This  can  be  a  quantum-wire,  quantum-dot,  antidot,  etc,  grating. 

•  The  grating  period  a  should  be  as  small  as  possible:  the  threshold  velocity  essentially  depends  on  and  decreases 
with  a. 

•  The  optimal  values  of  the  ratio  W/a  are  given  by  Eq.  (23). 

•  The  distance  between  the  2DES  and  the  grating  should  be  as  small  as  possible,  D  <^W. 

•  The  density  of  electrons  in  the  2DES  should  be  suflSciently  small  (below  ~  1  x  10^^  cm“^). 

•  The  relaxation  rates  71  and  72  should  satisfy  the  condition  (27). 

The  last  question  which  should  certainly  be  discussed  concerns  the  tunability  of  the  devices  with  quantum-wire 
or  similar  gratings.  Because  of  the  use  of  the  resonant  interaction  of  plasmons  in  such  structures  the  tunability  range 
of  this  kind  of  devices  is  certainly  narrower  than  it  could  be  in  structures  with  metal  gratings.  This  is  the  price  for 
the  substantial  reduction  of  the  threshold  velocity  and  the  enhancement  of  the  gain.  Nevertheless,  as  seen  from  the 
above  discussion,  the  operating  frequency  can  be  tuned  within  approximately  20-30%  around  the  average  frequency 
(determined  by  the  plasma  frequency  in  the  quantum  wires)  by  means  of  the  applied  current  (see  Figure  9).  In 
addition,  the  grating  plasma  frequency  itself  can  be  varied  by  changing  the  density  of  electrons  in  wires  with  the 
help  of  an  additional  metal  gate.^®  Combining  these  two  methods  of  tuning  the  operating  frequency  one  can  expect 
a  rather  wide  tunability  range  of  the  terahertz-wave  amplifiers  (oscillators)  with  quantum-wire  or  similar  gratings. 

4.2.  Problems  to  be  solved 

The  physical  ideas  presented  in  this  theory  can  be  developed  further  with  the  aim  to  find  the  best  conditions  for  the 
device  operation.  The  following  problems  can  be  formulated  and  solved: 

•  Different  low-dimensional  electron  systems: 

-  2DES  -  quantum  dot  grating; 
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—  2DES  -  antidot  grating; 

—  a  system  of  “antirings”  —  a  periodic  array  of  quantum  dots  placed  inside  antidots  within  the  same  2DES 
plane; 

—  many-layer  superlattice  structures; 

—  quantum  wire  array  -  crossed  quantum  wire  grating; 

—  other  low-dimensional  electron  systems. 

•  Low-dimensional  electron  structures  with  counter-streaming  electron  flows; 

•  “Gratings”  with  a  violated  periodic  symmetry.  An  analysis  of  this  problem  may  be  of  a  great  practical  im¬ 
portance  in  connection  with  possible  realization  of  the  discussed  ideas  in  a  system  “2DES  —  an  array  of  self- 
assembled  quantum  dots”.^®^^ 

•  Influence  of  external  (e.g.  magnetic)  fields  on  the  amplification  of  THz  radiation  in  the  structures  with  quantum- 
wire  (or  similar)  gratings.  This  may  give  additional  possibilities  to  control  the  operation  characteristics  of  the 
device. 

•  An  analysis  of  more  comprehensive  models  for  the  conductivity  of  the  2DES:  Influence  of  nonlocal,  quantum- 
mechanical,  electron  scattering  and  electron  heating  effects. 

5.  SUMMARY 

We  have  presented  a  complete  theory  of  terahertz-wave  amplifiers  based  on  low-dimensional  electron  structures  with 
quantum-wire  (or  similar  resonant)  gratings.  We  hope  that  this  work  will  stimulate  new  experimental  research  in 
semiconductor  terahertz-wave  electronics  and  will  finally  lead  to  a  creation  of  semiconductor  analogs  of  the  travelling 
and  backward  wave  tubes. 
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ABSTRACT 

We  propose  here  a  class  of  quantum  well  stmctures  designed  to  achieve  a  coherent  generation  of  THz  radiation  through  a 
plasma  instability.  This  can  be  achieved,  without  population  inversion,  if  a  dynamical  inhomogeneity  is  built  into  the  active 
region  of  the  strucmre.  We  show,  through  self-consistent  calculation  of  the  non-equilibrium  steady  state,  that  such  structures 
can  be  inherently  unstable  against  growing  charge  fluctuations  under  a  variety  of  conditions,  including  lack  of  population 
inversion.  Preliminary  calculations  of  the  I-V  characteristics  of  such  structures  are  in  good  agreement  with  experimental 
results. 

Keywords:  terahertz  radiation,  quantum  well  structures,  plasma  instability,  population  inversion 


1.  INTRODUCTION 

Conventional  lasers  require  a  sufficient  population  inversion  in  the  carrier  distribution,  to  achieve  the  dominance  of  the 
downwards  radiative  transitions.  Such  population  inversion  is  however  difficult  to  achieve  in  semiconductor  nanostructures 
due  to  the  presence  of  very  fast  electron-phonon  and  electron-electron  scatterings  f  We  have  proposed  plasma  instability 
based  approaches^'*  in  a  variety  of  systems,  to  obtain  THz  radiation.  These  also  require  population  inversion ' .  Thus 
achieving  population  inversion  is  presently  the  most  serious  obstacle  in  obtaining  a  THz  laser,  and  therefore  schemes  which 
do  not  require  population  inversion  are  very  attractive.  We  have  recently  proposed  a  novel  scheme  to  obtain  a  plasma 
instability  without  population  inversion’.  We  show  there,  that  this  scheme  does  not  require  population  inversion  if  in  addition 
to  a  plasmon  bath,  there  is  a  region  where  a  dynamic  charge  inhomogeneity  can  develop’.  Here,  we  suggest  specific  quantum 
well  stmctures  for  a  practical  implementation  of  this  novel  idea. 

We  propose  here  a  stmcture  in  which  the  plasmon  reservoir  is  in  the  form  of  a  wide  parabolic  quantum  well,  and  a  properly 
designed  adjoining  potential  well  is  the  location  of  the  dynamic  charge  inhomogeneity.  Under  bias,  a  dc  current  flows 
through  this  stmcture.  However,  due  to  the  non-linear  dynamics  arising  from  the  charge  inhomogeneity,  the  current  is 
repeatedly  intermpted,  and  induces  oscillations  in  the  plasmon  reservoir.  These  charge  oscillations  generate  coherent 
electromagnetic  radiation  at  the  same  frequency. 


2.  PLASMA  INSTABILITIES 

If  a  current  flows  through  a  plasma,  plasma  waves  can  grow  by  drawing  energy  from  the  current  under  appropriate 
circumstances.  This  phenomenon  is  called  the  current  driven  plasma  instability,  and  is  well  known  in  gaseous  plasmas*. 
Certain  types  of  such  instabilities  have  already  been  used  to  generate  and  amplify  electromagnetic  waves  in  gaseous  plasmas. 

We  have  investigated  the  feasibility  of  generating  analogous  instabilities  in  a  variety  of  lower  dimensional  solid  state 
systems.  In  general,  a  direct  transfer  of  energy  from  a  dc  current  into  a  plasma  mode  of  an  homogeneous  system  requires  that 
the  carrier  velocities  exceed  a  certain  threshold.  This  threshold  velocity  in  uniform  solid  state  systems  is  prohibitively  high^, 
of  the  order  of  the  Fermi  velocity  Vp.  High  mobility  modulated  wires^  or  lateral  surface  superlattices^  require  lower  drift 
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thresholds,  but  are  diffucult  to  fabricate.  In  bounded  (statically  inhomogeneous)  quantum  well  systems  one  can  achieve 
instability  by  selective  injection  and  extraction  of  carriers^>^.  This  rests,  however,  on  the  existence  of  the  hard  to  achieve 
population  inversion  in  the  carrier  distribution  between  the  injected  and  extracted  subbands^.  Experimentally  plasma 
instability  has  not  yet  been  seen  in  the  semiconductor  structures,  due  to  the  difficulties  stated.  However,  we  note  that  a 
radiative  decay  of  incoherent  plasmons  has  been  observed^  in  semiconductor  heterostructures,  in  a  wide  temperature  range 
(up  to  room  temperature),  and  in  the  presence  of  bulk  doping. 

3.  PROPOSED  STRUCTURES 

In  Ref.  7  it  was  shown  that  an  instability,  without  population  inversion  occurs  if  a  small  dynamic  charge  region  is  created  in 
a  uniform  electron  plasma,  and  which  has  a  response  given  by  a  susceptibility  of  a  form  f(  )  =  2i  p  where  p  is 

the  bulk  plasma  frequency,  and  >0.  A  general  system  was  proposed,  to  model  this  dynamic  charge  region,  consisting  of  a 
small  potential  well  capable  of  accumulating  electrons,  with  a  variable  potential  barrier  on  one  side  which  acts  as  a  non¬ 
linear  gate.  Such  a  system  will  exhibit  the  desired  form  of  the  susceptibility’. 

With  these  results  in  mind  we  now  propose  specific  semiconductor  nanostructures  which  should  have  the  desired  properties. 
A  typical  structure  under  bias  is  shown  in  Fig.l. 


z{A) 


Fig.l  The  energy  of  the  conduction  band  edge  Eq  vs  distance,  z,  in  A.  The  electrons  are  confined  by  this  potential  only  in  the 
z-direction  (the  growth  direction),  and  are  free  to  move  in  the  plane  perpendicular  to  this  growth  direction.  The  solid 
line  represents  the  potential  calculated  assuming  that  the  total  charge  density  inside  the  pocket  corresponds  to  an 
effective  quasi-Fermi  level  there  at  0.205eV.  The  corresponding  potential  for  the  fully  filled  pocket  is  shown  as  the 
dashed-dotted  line,  while  the  dotted  line  represents  the  potential  of  the  empty  pocket. 
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The  lines  represent  the  energy  of  the  conduction  band  edge  vs  distance,  z.  The  different  values  of  the  edge  energy  along  z  are 
due  to  a  varying  A1  content  in  the  AlGaAs  alloy.  The  electrons  are  confined  by  this  potential  only  in  the  z-direction  (the 
growth  direction),  and  are  free  to  move  in  the  plane  perpendicular  to  this  growth  direction.  The  stracture  consists  of  a  narrow 
barrier,  separating  the  doped  region  to  the  left  (left  reservoir)  tfom  the  parabolically  profiled  active  region.  The  curvature  of 
this  parabolic  confining  potential  has  been  chosen  so  that  the  Kohn's  resonance  (plasmon  of  the  parabolic  region)  is  at  12 
meV.  Immediately  to  the  right  of  the  parabola  is  a  linearly  graded  region  of  the  pocket.  Finally,  a  narrow  barrier  separates  the 
pocket  from  the  outside  doped  region  (right  reservoir).  This  barrier  and  the  pocket,  together,  simulate  the  dynamic 
inhomogeneity  region,  discussed  above.  The  Fermi  level  of  the  left  reservoir  is  at  0.22eV,  and  of  the  right  reservoir  at  0  eV, 
i.e  the  bias  voltage  is  0.22V.  The  solid  line  represents  the  potential  calculated  assuming  that  the  total  charge  density  inside 
the  pocket  corresponds  to  an  effective  quasi-Fermi  level  there  at  0.205eV.  The  corresponding  potential  for  the  fully  filled 
pocket  is  shown  as  the  dashed-dotted  line,  while  the  dotted  line  represents  the  potential  of  the  empty  pocket.  The 
corresponding  electron  charge  densities  are  shown  in  Fig.2,  and  were  obtained  using  the  self-consistent  Thomas-Fermi 

method^®. 
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Fig.2  The  electron  charge  densities  corresponding  to  the  self-consistent  potentials  of  Fig.l  (notation  as  in  Fig.l). 

4.  PLASMA  RESPONSE 

To  calculate  the  possibility  of  an  instability  in  this  stmcture,  we  employ  the  RPA  formalism  described  in  detail  in.  Refill. 
We  assume  the  potential  represented  by  the  solid  line  in  Fig.l,  and  populate  the  subbands  so  that  there  is  no  population 
inversion.  We  calculate  the  single  particle  eigen  states  and  wave  functions  in  an  extended  zone,  so  as  to  allow  a  current  to 
flow  through  the  stmcture  (complex  wave  functions).  We  find  a  robust  instability  at  Re(h  )~  13.7  meV,  with  Im(h  )~  1.5 
meV.  This  is  a  strong  instability  of  the  prime  mode  of  the  parabolic  quantum  well  (there  is  an  expected  slight  depolarization 
of  the  resonance  from  the  12  meV).  To  prove  that  this  is  indeed  a  dynamic  inhomogeneity  induced  instability,  we  next 
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eliminate  the  pocket  region.  The  results  in  this  case  show  that  the  instability  indeed  disappears.  We  found  that  this  instability 
strongly  depends  on  the  shape  of  the  self-consistent  potential  (and  of  course  on  the  presence/absence  of  the  pocket),  but  is 
relatively  insensitive  to  the  subband  population  scheme  in  the  pocket.  In  the  calculation  above,  we  assumed  the  "worst  case 
scenario"  of  all  subbands  below  the  Fermi  level  being  fully  occupied.  The  instability  exists  for  partial  subband  populations 
(still  without  population  inversion),  and  also  exists  if  a  population  inversion  is  assumed. 

The  instability  calculations  predict  only  an  onset  of  divergent  charge  oscillations.  Usually,  in  the  case  of  the  conventional 
instabilities,  the  non-linear  effects  quickly  saturate  such  a  divergency  so  that  macro-charge  oscillations  do  not  develop. 
However,  in  our  structure  non-linear  effects  should  support  large  charge  oscillations.  To  see  this,  assume  that  initially  the 
pocket  is  empty.  Then  the  corresponding  potential  is  shown  by  dotted  line  in  Fig.  1 .  As  the  pocket  fills  with  electrons  from  the 
left,  the  potential  approaches  the  shape  given  by  dash-dotted  line  of  Fig.  1 .  In  the  process,  however,  the  potential  wedge, 
which  rises  even  faster,  strongly  reduces  the  charge  in-flow  into  the  pocket.  As  the  inflow  of  charge  into  the  pocket 
diminishes,  the  current  outflow  through  the  right  barrier  (practically  unchanged)  begins  to  empty  the  pocket.  Consequently 
the  screening  decreases,  causing  the  potential  to  approach  again  the  dotted  line  of  Fig.  1.  This,  in  turn,  lowers  the  wedge,  and 
with  the  in-flow  of  charge  into  the  pocket,  the  new  cycle  begins.  This  periodic  charge  build-up  in  the  pocket  occurs  at  the 
expense  of  the  charge  in  the  parabolic  region,  and  will  enhance  charge  "sloshing"  there.  This  is  clearly  visible  in  Fig.2.  This 
charge  "sloshing"  will  enhance  the  instability,  provided  that  it  is  fast  enough.  In  turn,  the  instability  about  an  intermediate 
bias  (  solid  line  in  Fig.l)  assures  that  the  macro-charge  oscillations  do  not  decay  to  this  quasi-equilibrium  state.  This  is  the 
essence  of  the  dynamic  inhomogeneity. 

The  resulting  charge  oscillations  are  dipole  active  (q->0),  and  will  emit  electromagnetic  radition  at  the  frequency  of  the 
coherent  plasma  mode.  The  structure  should  be  built  into  a  narrow  (a  few  m  of  diameter)  mesa  post.  Then  the  post  will  act 
as  a  Hertz  dipole  antenna.  To  enhance  the  efficiency  of  the  plasmon-radiation  conversion,  an  efficient  antenna  arrangement 
could  be  constructed,  e.g.  "bow-tie". 

5.  PRELIMINARY  EXPERIMENTAL  RESULTS 

For  an  experimental  realization  of  these  ideas  we  have  begun  the  design,  growth,  and  characterisation  of  speciffic  quantum 
weh  structures,  along  the  lines  of  section  3.  The  following  two  structures  have  been  grown,  and  their  I-V  characteristics 
have  been  measured.  The  two  structures  are  identical,  except  that  one  has  a  quantum  well  pocket,  which  represents  the 
dynamic  inhomogeneity.  This  allows  us  to  investigate  the  role  played  by  this  dynamic  inhomogeneity.  The  structures  are 
similar  to  the  one  in  Fig.l,  except  that  the  pocket  region  is  deeper  (pure  GaAs),  the  barriers  are  much  thinner  (8  A  and  1 1  A) 
to  allow  a  significant  current  flow  through  the  structure,  and  the  size  of  the  active  region  is  smaller  (480A  for  the  parabolic 
regin  and  80A  for  the  pocket). 

The  measured  I-V  characteristics  for  the  structure  with  the  quantum  well  pocket  are  shown  in  Fig.3,  to  be  contrasted  with  the 
results  for  the  other  structure  shown  in  Fig.4. 
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Fig.4.  Current  density  and  its  derivative  vs  bias  for  a  structure  without  the  pocket  region. 

There  is  a  dramatic  difference  in  the  two  cases,  reflecting  a  difffent  dynamics  of  the  two  structures  under  bias.  At 
corresponding  biases,  the  structure  with  the  pocket  has  a  much  larger  current,  and  the  differential  conductance  has  much 
more  pronaunced  oscillations  in  Fig.3. 

To  develop  a  quantitative  imderstanding  of  these  results,  we  have  begun  microscopic  calculations  of  the  steady  state  non¬ 
equilibrium  transport  through 

these  structures.  We  have  developed  a  folly  self-consistent  computational  scheme  to  accomplish  this  ’  .  The  eigenstates  are 
determined  by  the  Schroedinger-Poisson  scheme,  the  subband  populations  by  rate  balance  equations,  inter-subband  transfer 
rates  through  a  RPA  self-energy  calculation,  and  the  injection-extraction  rates  by  the  transfer  matrix  for  complex  energies. 
We  have  obtained  preliminary  results  for  the  I-V  characteristics  of  these  structures  (for  the  forward  bias).  Comparison  with 
the  experimental  results  (  Figs.  5  and  6)  shows  good  agreement.  Further  studies  will  be  conducted  to  folly  understand  the 
dynamics  of  these  structures. 
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Fig.6.  Current  density  vs  bias  for  a  structure  without  the  pocket  region.  Experiment  (solid  line)  and  calculation  (squares). 

6.  CONCLUSIONS 

In  conclusion,  we  have  proposed  a  class  of  stmctures  to  achieve  a  coherent  generation  of  THz  radiation.  This  approach  is 
based  on  the  stimulated  emission  of  coherent  plasmons,  which  can  be  achieved  without  a  population  inversion,  if  a  dynamical 
inhomogeneity  is  built  into  the  active  region  of  a  structure.  The  THz  radiation  is  emitted  by  the  oscillating  charges  associated 
with  the  coherent  plasmon  generation.  Our  preliminary  self-consistent  calculations  of  the  non-equilibrium  steady  state  for  the 
I-V  characteristics  of  such  structures  are  in  good  agreement  with  the  experimental  results. 
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ABSTRACT 

A  brief  review  is  given  of  pump-probe  carrier  lifetime  studies  with  the  free  electron  laser  at  FOM-Rijnhuizen 
(FELIX),  pmpbadsing  work  on  mid-infrared  interband  recombination  in  narrow  gap  semiconductors.  We  compare 
results  on  the  lead  salt  system  with  earlier  work  on  HgCdTe  and  As-rich  InAs/InAsSb  strained  layer  superlattices, 
where  we  have  studied  the  suppression  of  Auger  recombination  by  band  stracture  engineering.  The  Auger  coefficient 
for  either  the  lead  salt  sfructures  or  the  As-rich  strained  layer  superlattice  is  suppressed  by  some  2  orders  of  magnitude 
by  comparison  with  HgCdTe  of  an  equivalent  bandgap  composition.  In  addition  we  have  made  time  resolved  studies 
of  local  modes  in  ionic  crystals,  where  non-radiative  decay  plays  an  important  role  in  the  optical  pumping  cycle  of 
laser  gain  mpYtia  We  have  studied  the  local  modes  created  upon  the  introduction  of  a  light  impurity,  in  particular  the 
H-  ion,  in  CaF2  in  the  spectral  region  700  to  1200cm  '.  We  have  employed  a  two  pulse  photon  echo  experiment  to 
remove  the  inhomogeneous  broadening  of  the  vibrational  ensemble  and  measure  the  transverse  relaxation  time  (the 
vibrational  dephasing). 

Keywords:  Free  electron  laser.  Auger  suppression,  low  dimensional  semiconductors,  localised  modes,  photon  echo. 

1.  INTRODUCTION 

As  is  well  known,  the  ability  to  control  the  Auger  recombination  rate  in  narrow  gap  systems  by  band  structure 
engineering'"^  is  of  considerable  interest  for  many  device  applications  since  in  most  cases  this  is  the  limiting  effect  on 
the  device  performance.''"®  Low  threshold  non-linear  devices  controlled  by  cw  lasers,  and  high  sensitivity  mid- 
infrared  detectors  and  emitters  need  large  excess  carrier  lifetimes;  whereas  applications  such  as  laser  mode  locking, 
ultra-fast  radiation  detectors  and  optical  switches  require  recovery  times  to  be  as  short  as  possible.  In  particular, 
In(As,Sb)  SLSs  offer  infrared  detector  and  emitter  applications  beyond  10pm,  since  the  type  II  band  offset  gives  a 
superlattice  structure  with  an  effective  bandgap  substantially  lower  than  either  of  the  constituents.  At  present  To, 
the  threshold  current  temperature  coefficient  of  mid-IR  laser  diodes,  is  limited  by  intrinsic  Auger  scattering  processes, 
preventing  room  temperature  laser  operation  at  wavelengths  longer  than  about  3  pm  in  any  materials  system. 

We  have  earlier  reported  the  utilisation  of  rf  linac-pumped  free  electron  lasers  (FELs)  to  study  Auger  recombination, 
and  particularly  the  deliberate  suppression  of  this  process,  in  arsenic-rich  InAs/InAsi.xSbx  strained  layer  superlattices 
(SLSs)  at  room  temperature  near  10pm.  A  direct  comparison  with  measurements  on  epilayers  of  InSb*  ®  and  bulk 
HgCdTe  (see  below.  Fig.  3  and  Ref.  22)  of  a  similar  bandgap  shows  that  the  Auger  processes  have  been  substantially 
suppressed  (the  Auger  coefficient,  Ci,  is  about  two  orders  of  magnitude  smaller)  in  the  As-rich  alloy  case  as  a  result  of 
both  the  quantum  confinement  and  strain  splittings  in  the  SLS  structure*.  Our  measurements  have  been  made  on  As- 
rich  In(As,Sb)  SLSs,  where  both  the  shift  of  the  band  gap  to  longer  wavelengths  and  the  internal  photoluminescence 
efficiencies  have  been  found  to  be  greater  than  for  the  Sb-rich  SLSs,  and  efficient  photo-  and  electroluminescence  has 
been  observed  covering  a  wavelength  range  of  4- 11  pm.* 

The  lead  salts  are  of  interest  both  fundamentally,  because  of  their  novel  band  structure,  and  from  a  device  point  of 
view  since  they  are  widely  used  in  mid-infrared  (MIR)  optoelectronic  emitters  and  detectors.  A  particular  feature  of 
this  system  -  i.e.  their  near  “mirror”  conduction  and  valence  bands  -  has  been  cited  as  potentially  leading  to  much 


smaller  Auger  scattering  rates  than  found  in  III-V  material  systems.  However,  theory  predicts  that  there  may 
nevertheless  still  remain  a  substantial  contribution  to  this  unwanted  recombination  process  through  intervalley 
scattering''*  '^,  although  later  theories"  '^  including  more  realistic  band  structure  pictures  suggest  that  this  should  not 
be  as  serious  as  originally  predicted'®.  Understanding  accurately  how  the  recombination  processes  change  with 
carrier  density  is  important  for  emission  devices  which  operate  far  from  equilibrium,  and  in  particular  in  the 
continuing  quest  for  the  development  of  compact  MIR  room  temperature  lasers.  A  recent  design  study  suggesting  the 
possibility  of  cw  room  temperature  MIR  operation  of  GaSb/PbSe/GaSb  double  heterostructure  lasers'"*  depends 
critically  on  the  theoretical  prediction  of  a  low  value  of  Auger  coefficient,  C'^.  Although  considerable  research  has 
been  done  on  the  recombination  processes,  with  the  exception  of  one  report'^  almost  all  previous  work  has  utilised 
techniques  using  relatively  long  pulse  or  cw  radiation,  and  experimentally  reported  values  for  C  vary  over  an  order  of 
magnitude'^'^. 

We  have  recently  made  direct  pump-probe  measurements  of  radiative  and  non-radiative  recombination  in  epilayers  of 
PbSe  under  high  excitation  with  an  rf  linac-pumped  (ps)  free  electron  laser  (FELIX),  in  the  temperature  range  30  to 
300K  (see  below  and  Ref  24)  For  temperatures  below  200K  and  carrier  densities  above  the  threshold  for  stimulated 
emission,  stimulated  recombination  represents  the  most  efficient  recombination  mechanism  with  kinetics  in  the  50- 
lOOps  regime,  in  good  agreement  with  earlier  reports'^  '*  '®.  Above  this  temperature  Auger  recombination  dominates 
on  a  0.1-2ns  time  scale.  The  sophistication  of  a  3-beam  pump-probe  experimental  technique  described  below  has 
enabled  an  analysis  of  the  decay  at  times  longer  than  lOOps,  in  terms  of  the  non-parabolic  anisotropic  band  structure 
of  the  lead  salts,  to  give  the  Auger  coefficient,  C,  quantitatively  over  a  wide  temperature  range,  30-300K.  The  results 
are  in  good  agreement  with  theory  for  non-parabolic,  anisotropic  bands^®’^'  and  non-degenerate  statistics",  and 
confirm  that  the  original  parabolic  band  calculations'®  underestimated  the  measmed  lifetime  by  more  than  an  order  of 
magnitude"  '^'^  Finally  the  Auger  results  for  the  lead  salts  are  compared  with  earlier  measurements  taken  at 
FELIX^^  for  Hgi.xCdxTe  of  a  composition  such  that  the  bandgap  for  the  two  semiconductors  is  the  same  at  T  = 
lOOK^^.  It  is  found  that  C  for  PbSe  is  between  one  and  two  orders  of  magnitude  lower  than  for  Hgi.xCdxTe  over  the 
whole  temperature  range  for  comparable  values  of  bandgap.  This  results  in  domination  of  stimulated  radiative 
recombination  even  at  quite  low  carrier  concentrations. 

2.  EXPERIMENT 

The  samples  were  (lll)-oriented  epitaxial  layers  of  PbSe  on  insulating  substrates  (BaF2).  They  were  grown  by 
molecular  beam  epitaxy  (MBE)  under  ultra-high  vacuiun  conditions^.  The  samples  were  ~  2pm  thick  with  an  n-type 
carrier  concentration  of  3.2xl0'^cm'^  and  mobility  of  28,070cmV's''  at  77K.  The  wavelength-degenerate  pump- 
probe  experiments  were  performed  with  the  Dutch  free  electron  laser  (PEL)  in  Utrecht  (FELIX),  which  operated  with 
pulse  trains  (‘macropulses’)  typically  of  length  4ps  and  at  a  repetition  rate  of  5Hz.  The  macropulse  consisted  of  a 
train  of  ‘micropulses’,  each  of  width  adjustable  between  2ps  and  lOps,  with  a  pulse  separation  of  40ns.  It  was  shown 
previously*^  that  over  the  range  of  excited  electron  concentrations  used  throughout  this  study,  the  carrier 
temperatures  approach  the  lattice  temperature  to  within  2%  in  less  than  3ps,  resulting  in  a  temperature  increase  in  the 
sample  of  only  ~0.02K  per  pulse.  Hence,  we  have  neglected  heating  effects  and,  for  recombination  processes  which 
occur  in  less  than  about  20ns  (see  below),  we  have  treated  the  interpretation  in  the  same  way  as  for  a  “single  pulse” 
experiment. 

The  macropulse  fluctuations  of  FELIX  depend  strongly  on  the  required  performance  of  the  machine  and  can  be  of 
order  10%.  In  order  to  obtain  a  good  signal  noise  ratio  in  the  MIR  regime,  we  have  utilised  a  pump-probe  setup  which 
compensates  for  these  macropulse  fluctuations.  The  experimental  arrangement  is  a  3  beam  pump-probe  setup  shown 
in  Fig.  1.  From  the  original  pump  pulse  both  a  probe  beam  and  a  reference  beam  are  split  off  by  ZnSe  beamsplitters. 
The  reference  beam  is  delayed  by  20  ns  (6  m)  and  back-reflected  on  the  beamsplitter  with  an  -1  telescope  onto  the 
probe  beam  position. 

The  probe  and  reference  beams  follow  the  same  optical  path,  transmit  through  the  sample  at  the  same  position  and  are 
both  detected  by  the  same  (77K)  MCT  detector.  It  is  assmred  independently  that  both  have  the  same  signal  size.  The 
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Fig.  1.  Schematic  Hiagram  of  the  three-beain  pump-probe  experimental  setup,  utilising  a  modulation  technique  to 
determine  the  relative  transmission  of  the  probe  beam  as  a  fimction  of  delay  time  as  described  in  the  text  (after  Ref 
24) 

detector  bias  is  modulated  with  25  MHz,  synchronised  with  FELIX.  This  results  in  signals  with  opposite  sign  for  the 
probe  and  the  reference  beams.  When  the  system  is  in  balance  (no  pump  is  applied),  the  integrating  electronics  show 
an  apparant  output  signal  of  the  detector  which  is  zero.  In  the  experiment  the  pump  beam  is  chopped  with  2.5  Hz 
frequency  (every  other  pump  pulse  is  blocked)  and  the  signal  fed  into  a  boxcar  integrator  in  the  toggle  mode.  The 
result  is  a  signal/noise  ratio  better  than  0.1%,  even  when  the  fluctuations  from  macropulse  to  macropulse  are  several 
percent.  The  three  beams  were  focussed  on  the  sample  using  an  f=25cm  parabolic  mirror,  resulting  in  a  spotsize  of 
100  microns.  The  sample  was  mounted  in  a  flow  cryostat  (4-300K).  The  effective  pump  and  probe  energy  fluences 
per  micropulse  were  estimated  to  be  350  and  lOpJ/cm^  respectively,  including  losses  due  to  beam  splitters  and  optics. 
The  relative  transmittance  of  the  probe  was  measured  directly  as  a  function  of  optical  delay,  tdeiay,  between  pump  and 
probe  pulses. 

Band  filling  as  the  pump  radiation  is  absorbed  causes  a  strong  dynamic  blue  shift  in  the  IR  absorption  edge  (the 
dynamic  Moss-Burstein  shift  or  DMS)  and  leads  to  pronounced  bleaching  near  the  excitation  frequency.  Recovery 
times  in  the  range  20-800ps  were  found,  and  shown  to  be  strongly  dependent  on  the  sample  temperature  and  the 
excited  carrier  density^''.  In  agreement  with  previous  workers'^  we  have  found  that  at  room  temperature  and  at  the 
pump  intensities  (excited  carrier  densities)  used  here  the  recombination  is  dominated  by  Auger  scattering.  Below 
200K  stimulated  recombination  represents  the  most  efficient  recombination  mechanism  with  kinetics  in  the  lOOps 
regime.  At  times  longer  than  lOOps,  the  Auger  process  takes  over  in  the  absence  of  stimulated  recombination.  For  all 
temperatures  the  net  recombination  rate  in  the  high  excitation  regime  is  a  fundamental  property  of  the  material,  and 
not  defect  related'^.  Analysis  of  the  recovery  of  the  probe  absorption  leads  to  a  quantitative  determination  of  the 
temperature  dependence  of  the  threshold  concentration  for  stimulated  emission  and  the  Auger  coefficient  as  described 
below. 


3.  ANALYSIS 

In  order  to  interpret  the  pump-probe  data,  where  the  experiment  determines  the  probe  transmission  as  a  function  of 
delay  with  respect  to  the  pump  beam,  we  need  to  convert  the  measured  transmission  into  values  of  excited  carrier 
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concentration,  Ne  (the  procedure  is  described  in  detail  in  Refs.  8  and  24).  The  rate  of  decay  of  Ne(t)  with  pump-probe 
delay  can  then  be  extracted  directly  and  Auger  recombination  coefficients  can  be  obtained  by  fitting  Ne(t)  with  a 
simple  rate  equation.  The  recovery  time  of  the  bleaching  depends  on  the  photon  energy,  hv,  due  to  the  earner 
concentration  dependent  relaxation  process.  The  value  of  Ne  at  complete  bleaching  corresponds  to  the  carrier  density 
required  to  separate  the  electron  and  hole  quasi  Fermi  energies  by  an  amoimt  equal  to  the  pump  photon  energy,  and 
increases  monotonically  with  hv.  We  assume  that  the  carriers  thermalise  rapidly  compared  with  the  recombination 
rate,  in  which  case  the  concentration  becomes  determined:  every  value  of  transmission  corresponds  to  a  unique 
electron  and  hole  quasi-Fermi  energy  and  thus  a  unique  excited  carrier  concentration,  since  the  electron  and  hole 
concentrations  are  equal.  With  the  measured  lifetimes  substantially  longer  than  the  pulse  duration  (5ps),  the 
generation  rate  is  zero  during  the  probe  pulse  delay  time  and  the  recombination  rate,  y,  which  is  some  function  of  Ne 
(t),  can  be  measured  unambiguously. 

We  may  similarly  neglect  the  pulse  duration  (i.e.  the  probe  pulse  shape  function  I(t)  is  effectively  a  delta  function) 
when  calculating  the  sample  transmission: 


T«(l-R)'exp[-a(t<i,„y)d]. 


(1) 


We  have  assiuned  that  the  absorption  coefficient,  a,  while  time  dependent,  is  approximately  constant  through  the 
probed  region  of  the  sample  (the  initial  concentration  is  spatially  uniform  for  complete  bleaching).  R  is  the  sample 
reflectivity  and  d  the  thickness.  The  dependence  of  the  transmission  on  the  reflectivity  is  complicated  by  the  different 
values  for  the  top  PbSe  layer,  the  bottom  BaF2  layer  and  the  interface  between  the  epilayer  and  the  substrate.  This 
problem  is  removed  in  our  signal  processing  method  where  we  take  the  ratio  of  the  measured  difference  in  the  probe 
and  reference  transmission  to  the  reference  transmission.  In  this  way  the  dependence  of  the  reflectivity  is  removed 
leaving  us  with  an  expression  relying  solely  on  the  change  in  the  absorption  coefficient,  Aa,  resulting  fi'om  the  pump: 

"^probe  "'^reference  _  (I ~ R)^[6Xp{— (ap  -b  Aa)d}  — exp(-apd)]  _  (^o(,)d] - 1 

'^reference  (l-R)^[exp(-a„d)] 

The  procedure  is  then  to  use  a  knowledge  of  the  non-spherical,  non-parabolic  band  structure  (see  below),  which 
determines  the  (final  and  initial)  electron  and  hole  energies,  Ee  and  Eh,  for  electron-hole  pair  creation  at  a  given 
photon  energy,  and  also  the  density  of  states  functions,  ge  and  gh.  One  then  takes  a  range  of  values  of  electron  Fermi 
energy,  and  computes  the  corresponding  hole  Fermi  energies  and  electron  and  hole  excited  carrier  concentrations 
from  the  relation: 


CO  Ey 

Ne  =  jfe  (E)ge  (E)dE  =  |fh  (E)gh  (E)dE ,  (2) 

Ej  -OO 

where  fe  and  fh  are  the  Fermi  occupation  probability  functions  for  the  electron  and  hole  respectively,  and  Ec  and  Ey 
are  the  band  edge  energies  for  the  conduction  and  valence  bands.  At  the  same  time,  each  assumed  value  of  electron 
Fermi  energy  determines  a  unique  value  of  a  (and  hence  T)  fi'om  the  relation: 

a  =  -^}l-f,(EJ-fh(Eh))r„(E)  ,  (3) 

where  Jcv(E)  is  the  joint  density  of  states,  and  the  absorption  cross-section,  a,  is  determined  by  fitting  the  theoretical 
transmission  obtained  with  the  equilibrium  Fermi  energy  to  the  small  signal  absorption  spectrum  taken  with  a  Fourier 
transform  spectrometer.  This  is  carried  out  in  in  terms  of  the  appropriate  energy  band  structure  for  the  theoretical  fit. 
We  estimate  the  overall  error  in  deriving  the  carrier  concentration  from  the  piunp-probe  measurement  is  about  30%, 
leading  to  an  error  in  the  Auger  coefficient  of  about  60%. 
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As  described  in  Refs.  8,  22  and  24,  it  is  necessaiy  to  have  a  detailed  knowledge  of  the  band  structure  of  the  crystal. 
Then  from  equations  (1)  to  (3)  we  can  calculate  the  value  of  the  excited  carrier  concentration,  Ne(tde!ay),  corresponding 
to  each  value  of  transmission,  T(tdeiay).  As  described  previously,  we  have  also  included  the  effect  of  small  refractive 
index  changes  arising  from  a  shift  in  the  plasma  frequency^^. 

For  the  data  at  room  temperature,  and  for  the  results  at  lower  temperatures  in  the  regime  below  the  threshold  value  of 
Ne  for  stimulated  emission,  the  data  was  analysed  with  a  simple  rate  equation  for  radiative  and  non-radiative  decay, 
including  terms  depending  on  the  Shockley-Reed,  radiative  and  Auger  recombination  coefBcients,  A,  B  and  C 
respectively,  for  a  non-degenerate  distribution; 

=  AN(t)  +  BN^  (t)  +  CN^  (t)  .  (4) 

This  equation  was  solved  and  fitted  to  the  decay  curves^".  It  was  found  in  all  cases  that  Auger  recombination 
dominated  and  the  other  terms  were  negligible,  and  in  particular  that  the  Ne^  dependence  expected  for  a  non¬ 
degenerate  carrier  distribution  gave  a  very  good  fit  to  the  data.  A  similar  result  was  obtained  in  the  300K  case  in  Ref. 
15.  The  value  of  C  obtained  by  this  fitting  procedure  is  shown  plotted  over  the  full  temperature  range  30-300K  in  Fig. 
2.  Excellent  agreement  between  theory  and  experiment  is  obtained  with  the  Auger  process  for  inter-valley  scattering 
in  the  approximation  of  non-degenerate  statistics,  but  it  is  clearly  essential  to  include  a  realistic  non-parabolic  band 
structure".  The  difference  between  the  parabolic  and  non-parabolic  approximations  is  most  clearly  seen  in  the  low 
temperature  regime  where  the  Auger  coefficient  drops  markedly  between  77K  and  30K.  Finally  the  Auger  results  for 
the  lead  salts  are  compared  with  earlier  measmements  taken  at  FELIX  for  Hgo795Cdo205Te  (experiment  and 
theory^^-^’)  and  Hgo.744Cdo.256Te  (theory^^).  Since  there  is  such  extremely  good  agreement  to  the  theory  for  non¬ 
parabolic  bands  with  the  isotropic  Kane  model,  the  latter  curve  (with  the  same  bandgap  as  PbSe  at  lOOK  -  i.e.  Xa  ~ 
7p.m)  is  taken  for  comparison  between  the  two  materials.  It  is  found  that  C  for  PbSe  is  between  one  and  two  orders  of 
magnitude  lower  than  for  Hgi.xCdxTe  at  comparable  values  of  bandgap.  Stimulated  emission  was  not  observed  in  the 
earlier  Hgo  795Cdo.205Te  measurements  even  at  the  lowest  temperatures  used,  but  it  is  possible  that  it  might  be  achieved 
in  material  of  precisely  the  same  bandgap  as  PbTe  (i.e.  x  =  0.256)  and  with  the  higher  FELIX  intensities  available 
with  the  current  optical  set-up.  We  estimate  the  tlneshold  carrier  concentration  for  this  material  would  be  about 
8xl0"cm"^,  which  is  some  four  times  greater  than  achieved  in  the  earlier  experiments^^). 

One  other  clear  difference  between  the  two  systems  is  in  the  dependence  of  C  on  temperature.  Both  PbSe  and  Hgi. 
xCdxTe  (of  this  composition)  are  anomalous  in  that  the  bandgap  decreases  with  lowering  temperature.  However,  in 
the  case  of  Hgi.xCdxTe,  because  of  the  low  ratio  of  electron  to  heavy  hole  effective  mass  arising  from  the  Kane  band 
structure,  which  decreases  further  with  decreasing  bandgap,  the  threshold  for  Auger  recombination  drops  with 
reducing  temperature.  This  bandgap  dependence  dominates  over  the  change  of  the  occupation  fimction  with 
temperature.  By  contrast,  the  ratio  of  electron  to  hole  effective  mass  for  PbSe  is  approximately  unity  over  the  whole 
range  of  values  of  Eg.  In  this  case  reducing  the  temperature  below  threshold  quenches  the  Auger  recombination. 
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Fig.  2.  PbSe:  Auger  coefficient  C  vs  temperature  for  n-^e  Pbse  -  solid  triangles,  after  Ref.  24;  solid  square  Ref. 
15.  The  dashed  line  is  the  theoretical  curve  for  a  nondegenerate  distribution  and  nonparabolic  bands  (NPA)  after  Ref 
12;  the  dotted  line  is  from  the  same  paper  in  the  parabolic  band  (PA)  approximation.  HEi.vCdvTe:  Auger  coefficient 
C  vs  temperature  for  Hgo.795Cdo.256Te  -  circles.  The  solid  lines  are  the  theooretical  curves  for  two  compositions  for  the 
Kane  model  of  nonparabolic,  spherical  bands,  after  Ref  24.  The  energy  gap  for  PbSe  and  Hgo.744Cdo.256Te  is  the 
same  (~  7)xm)  at  T  =  lOOK. 

In  summary,  we  have  utilised  a  ps  free  electron  laser  to  measure  directly  the  Auger  recombination  rates  as  a  function 
of  photo-excited  carrier  concentration  in  PbSe  over  a  wide  temperature  range  (30-300K).  The  rate  is  approximately 
constant  between  77K  and  300K  with  a  value  C  =  2xlO'^*cmV,  and  then  drops  to  a  value  C  =  IxlO'^cmV  at  30K. 
Good  agreement  is  obtained  with  theoretical  calculations  for  non-parabolic,  non-spherical  energy  bands  in  the  non¬ 
degenerate  limit  for  the  excited  carrier  concentration".  Good  agreement  is  also  obtained  with  the  room  temperature 
value  for  C  reported  previously,  and  we  confirm  the  earlier  result  that  for  temperatures  below  200K  and  carrier 
densities  above  the  threshold  for  stimulated  emission,  stimulated  recombination  represents  the  most  efficient 
recombination  mechanism'^.  We  have  determined  the  threshold  carrier  concentration  for  stimulated  emission  over 
the  same  temperature  range,  30-300K,  and  this  occurs  at  carrier  concentrations  somewhat  lower  than  would  be  the 
case  for  bulk  materials  with  the  Kane  band  structure.  This  is  in  accord  with  the  finding  that  C  for  PbSe  is  between 
one  and  two  orders  of  magnitude  lower  than  for  InSb  or  HgxCdi.xTe  of  comparable  values  of  bandgap.  The  small 
Auger  coefficients  in  the  lead  salts  are  mitigated  to  some  extent  by  the  relatively  heavy  anisotropic  effective  masses 
and  valley  degeneracy,  which  would  tend,  by  contrast,  to  higher  threshold  carrier  concentrations  than  for  HgCdTe  or 
III-V  materials  of  comparable  bandgap  (assuming  comparable  internal  losses). 

We  confirm  the  conjecture  made  recently  that  Auger  recombination  in  IV-VI  semiconductors  in  the  wavelength  range 
of  3-5pm  will  not  prevent  quantum  structures  of  these  materials  achieving  room  temperature  laser  operation’''. 
Rather,  it  is  the  problems  of  insufficient  electron  and  hole  confinement  and  low  thermal  conductivity  from 
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traditionally  used  materials,  PbEuSeTe,  PbSrSe  of  PbSrS,  that  have  to  be  overcome  by  the  utilisation  of  novel 
structures  such  as  GaSb/PbSe/GaSb’'*. 

4.  DYNAMICS  OF  HYDROGENIC  LOCALISED  VIBRATIONAL  MODES 

The  presence  of  H"  ions  in  an  otherwise  perfect  crystal  destroys  the  translational  symmetry  of  the  lattice  and  at  the 
same  time  modifies  its  normal  modes  of  vibration.  As  a  consequence  of  the  fact  that  force  constants  between  the 
substitutional  (or  for  that  matter,  interstitial)  H'  ion  and  its  neighbours  are  similar  to  those  between  neighbouring 
hosts  lattice  ions  and  that  the  hydrogen  impurities  are  very  light;  the  modified  vibrational  modes  fall  outside  the 
mayimiim  band  mode  fi-equency  for  the  perfect  lattice  and  cannot  be  transmitted  throughout  the  crystal.  Thus,  they  are 
highly  spatially  localised  arovmd  the  defect  and  are  known  as  localised  vibrational  modes 

The  development  of  near  infrared  solid  state  lasers,  based  around  for  example  3d^  configuration  ions  such  as  Cr''^  and 
is  hampered  by  heavy  quenching  of  the  optical  excitation  by  non-radiative  relaxation  at  room  temperatures. 
Recent  studies  have  shown  the  importance  of  local  mode  vibrations  of  the  optically  active  center  in  mediating  the  non- 
radiative  mrrltiphonon  relaxation  process  We  report  on  pump-probe  and  photon  echo  experiments  on  the  localised 
vibrational  modes  of  ionic  hydrogen  in  CaF2  and  LiYF4  crystals  using  FELIX  output  in  the  ten  micron  region.  These 
systems  are  attractive  for  their  simplicity,  the  only  possible  non-radiative  path  being  into  the  lattice  band  modes. 

Few  previous  studies  have  investigated  the  relaxation  of  ionic  hydrogen  and  only  Davison  and  coworkers  have  used 
pulse  lengths  shorter  than  the  relaxation  time  of  the  local  mode  itself  These  workers  used  the  Stanford  FEL  to 
study  the  energy  relaxation  time  (Ti)  of  the  substitutional  hydrogen  local  mode  in  CaF2  with  a  standard  two  pulse, 
pump-probe  technique.  A  value  of  45  picoseconds  was  derived  from  the  pump-probe  data  and  compared  with  the  6  ps 
value  for  an  interstitial  mode.  By  contrast,  we  have  employed  a  three  pulse  pump-probe  technique  (as  described 
above)  to  perform  saturation  measurements  on  IT  local  modes  in  LiYF4  using  FELIX.  Unlike  CaF2:H  ,  the  linear 
absorption  spectroscopy  of  LiYF4:ir  is  not  well  studied;  indeed  there  is  currently  no  information  published  in  the 
literature.  We  have  performed  our  own  FTIR  transmission  experiments  which  reveal  two  local  modes  at  fi-equencies  of 
1122.5  and  1173.2  cm"'.  These  transitions  give  50-70%  absorption  depths  most  suitable  for  excitation  by  the  FEL 
pulse  and  a  10  Kelvin  energy  relaxation  time  for  the  1122.5  cm"'  mode  has  been  measured  to  be  Ti=2.7  ps.  This  is 
significantly  shorter  than  the  time  measured  for  the  substitutional  mode  in  CaF2  where  the  hydrogen  is  tetrahedrally 
bonded.  A  possible  explanation  is  that  the  symmetry  of  the  IT  local  vibration  is  lower  in  LiYF4  allowing  it  to  be  more 
strongly  coupled  to  the  lattice  band  modes.  This  appears  consistent  with  the  observed  linewidth  of  the  local  mode 
resonance  which  appears  homogeneously  broadened  even  at  the  lowest  available  temperatme  of  4.2  Kelvin. 

The  substitutional  H'  local  mode  in  CaF2  gives  rise  to  a  single  resonance  at  a  frequency  of  v=965  cm  ’  at  low 
temperatures,  associated  with  the  transition  to  the  triply  degenerate  n=l  state  of  the  anharmonic  oscillator.  Whilst  this 
feature  appears  as  a  sharp  (0.3  cm’’)  transition  at  low  temperatures,  this  linewidth  is  dominated  by  inhomogeneous 
broadening  effects  due  to  crystalline  imperfections  and  other  strains  created  during  the  growth  of  the  crystal  itself. 
We  have  employed  a  two  pulse  photon  echo  experiment  to  remove  the  inhomogeneous  broadening  of  the  vibrational 
ensemble  and  measure  the  transverse  relaxation  time  (the  vibrational  dephastng).  In  this  regime  the  exciting  infrared 
radiation  is  tuned  to  the  965  cm’’  resonance  and  the  pump  and  a  single  probe  beam  crossed  in  the  sample.  The  pulse 
excites  a  coherent  superposition  of  anharmonic  oscillator  states  within  fte  vibrational  ensemble  which  then  begin  to 
dephase  due  to  the  effects  of  crystal  inhomogeneity.  The  second  pulse,  which  is  delayed  in  time  from  the  pump  pulse, 
initiates  rephasing  through  inversion  of  the  dephased  dipole  moments  of  the  individual  anharmonic  oscillators.  This 
results  in  a  coherent  burst  of  radiation  (a  super-radiant  pulse)  delayed  in  time  from  the  second  pulse  by  the  exact 
amount  of  time  the  second  pulse  is  delayed  fi-om  the  first.  The  echo  emerges  from  the  sample  in  a  unique  direction 
given  by  the  wavevector  matching  conditions  |2k2-ki|.  The  intensity  of  the  echo  is  then  measrrred  as  a  function  of  the 
optical  delay  of  the  probe  ptrlse  (as  shown  in  Figure  3).  This  sigrtal  displays  both  modulations  (or  beats)  and  non- 
exponentiality;  evidence  of  vibrational  up-pttmping  which  can  occur  when  the  laser  bandwidth  exceeds  (as  it  does  in 
this  case)  the  vibrational  arrharmorricity. 
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Fig.  3.  Temperature  dependence  of  the  vibrational  photon  echo  decay  as  a  function  of  optical  delay  for  the  localised 
vibrational  mode  in  CaF2:IT. 

The  echo  technique  measures  the  homogenous  dephasing  which  has  contributions  from  both  the  pure  dephasing  and 
the  vibrational  lifetime.  Thus,  the  combination  of  both  techniques  allows  one  to  separate  out  and  study  the  pure 
dephasing  component  (T2*).  The  echo  intensity  measured  for  the  CaF2:ir  local  mode  is  extremely  large,  an  effect 
wWch  may  be  attributed  to  the  substantial  H"  ion  dipole  polarisability  of  30.2  A^.  This  makes  the  H"  local  mode  an 
extremely  valuable  probe  of  incoherent  and  coherent  effects  associated  with  vibrational  relaxation  in  ionic  crystals.  It 
may  also  be  possible  to  use  the  vibrational  dephasing  of  H'  local  modes  as  a  probe  of  the  transition  to  the  glassy  state 
in  mixed  fluorite  crystals  and  further  work  continues  in  this  area. 
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ABSTRACT 

Normal  dopant  species  in  IIl-V  semiconductors  form  shallow  donors  or  acceptors  whose  atomic-like  transitions  (e.g.  the 
1  s-2p  transition)  have  energies  of  the  order  of  3-20meV  which  corresponds  to  the  Terahertz  region  of  the  spectrum.  It  has 
been  suggested  that  these  levels  could  be  utilised  in  an  impurity  based  THz  laser  system  Developing  a  solid-state  THz 
source  from  such  a  technology  will  require  engineering  of  the  energy  levels  to  favour  radiative  recombination.  In  this  paper 
we  report  initial  experiments  to  measure  the  1  s-2p  scattering  rate  for  holes  bound  to  Beryllium  acceptors  in  a  bulk  G^s 
epilayer  using  the  European  free  electron  laser  facility  FELIX.  Two  absorption  lines  were  studied  the  so-called  D  and  C 
lines  at  167cm''  and  184cm''  corresponding  to  ls-2P  transitions  of  the  Beryllium  acceptors.  At  high  pump  powers  these 
lines  were  saturated  and  it  was  possible  to  perform  Pump-probe  measurements  to  observe  the  recovery  of  the  absorption  as  a 
function  of  time.  The  temperature  dependence  of  the  decays  was  also  measured.  The  D  and  C  transitions  were  found  to  decay 
with  lifetimes  of  360ps  and  440ps  respectively.  This  represents  the  first  direct  measurement  of  these  transition  lifetimes 
which  are  much  longer  than  those  reported  for  intersubband  scattering  (typically  lO-lOOps).  The  results  are  highly 
encouraging  and  support  the  concept  of  an  impurity  based  Terahertz  device  for  room  temperature  operation. 

Keywords: Free-electron  laser,  Terahertz  spectroscopy,  Intra-acceptor  transitions,  GaAs 

1. INTRODUCTION 

Semiconductor  quantum  dots  are  currently  attracting  a  great  deal  of  attention  for  both  the  physical  phenomena  they  exhibit 
and  their  potential  for  a  range  of  opto-electronic  applications,  such  as  temperature  stable  thresholdless  lasers  and  normal 
Incidence  intersublevel  detectors.  In  effect  quantum  dots  are  'artificial  atoms'  which  confine  the  charge  carriers  in  all 
dimensions  and  whose  properties  can  be  manipulated  by  changing  their  size  and  shape.  The  fabrication  of  semiconductor 
dots  is  still  relatively  immature  and  although  techniques  using  'self-assembly'  in  highly  lattice  mismatched  heterosystems 
offer  the  potential  for  improving  structural  quality,  there  is  still  some  way  to  go  before  the  quality  inferred  from  standard 
characterisation  procedures  can  match  that  of  quantum  wells.  In  particular,  broad  photoliuninescence  emission  lines  are 
indicative  of  a  wide  variance  in  dot  size  and  the  large  Stoke's  shift  between  emission  and  absorption  suggests  at  localised 
exciton  states  at  defects.  The  desirable  properties  of  quantum  dots  relate  to  the  fact  that  the  carriers  are  confined  along  all 
spatial  directions.  Such  confinement  removes  band  dispersion  as  occurs  in  bulk  and  in-plane  dispersion  as  occurs  in 
quantum  well  systems.  Thus  in  principle  the  emission  lines  from  systems  of  dots  should  be  very  narrow,  as  in  atomic 
systems,  such  as  hydrogen  and  sodium  vapour  lamps.  There  is  another  semiconductor  alternative  to  the  artificial  atom. 
Namely  quantum  confined  impurities  in  semiconductor  heterostructures.  These  have  all  the  properties  of  quantum  dots, 
i.e.,  confinement  in  all  spatial  directions  but  with  the  additional  benefit  of  fabrication  with  contemporary  molecular  beam 
epitaxial  (MBE)  techniques.  The  energy  levels  of  impurities  can  be  tuned  structurally  be  placing 

“delta”-layers  within  quantum  well  systems,  see  for  example  Fig.  la.  Aiming  such  technology  towards  a  light  emitting 
device  would  require  engineering  of  the  energy  levels  to  favour  radiative  emission.  It  is  interesting  to  introduce  the  analogy 
of  a  free  hydrogen  atom  at  this  point.  Like  the  hydrogen  atom,  the  energy  levels  of  the  impurity  can  be  described  by  a 
principle  quantum  number  n  and  a  quantised  orbital  angular  momentum  1  with  radiative  transitions  between  levels  allowed 
for  Al=±l.  Thus  a  hole  or  electron  in  the  2p  level  can  collapse  to  the  Is  ground  state  by  emitting  a  photon.  Thus  for  a 
hydrogenic  impurity  in  a  crystal  lattice  if  the  2p  excited  state  could  be  populated  then  the  carrier  could  scatter  to  the  ground 
state  and  emit  a  photon  and  such  a  transition  might  be  utilised  in  a  solid  state  laser.  However,  unlike  the  hydrogen  atom 
for  an  impurity  state  an  extra  loss  mechanism  would  be  that  charge  carriers  in  the  2p  state  could  scatter  non-radiatively  with 
the  lattice  population  of  acoustic  phonons,  into  the  lower  energy  2s  state.  Electrons  in  the  2s  level  have,  obviously,  a  very 
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long  radiative  lifetime  with  respect  to  transitions  to  the  Is  ground  state.  Hence  they  are  very  susceptible  to  scattering  by 
other  carriers  or  phonons,  which  could  lead  to  the  beneficial  repopulation  of  the  hi^er  angular  momentum  states  or  to 
detrimental  ionisation.  TTie  latter  reducing  the  system’s  quantum  efficiency.  The  aim  of  the  described  research  is  to  take 
the  first  steps  in  assessing  such  an  impurity  transition  for  applications  in  light  emitters,  the  long  term  aim  being  be  to 
electrically  pump  the  impurity  energy  levels  with  a  semiconductor  quantum  well  heterostructure. 

The  typical  energy  level  spacing  within  impurities,  i.e.,  tens  or  several  tens  of  meV,  is  within  the  mid-  to  far-infi'^ed  (FIR) 
region  of  the  spectrum.  Currently  there  is  much  interest  in  bridging  this  'Terahertz  gap'  of  fi'equencies  which  lie  between 
traditional  electronic  and  optical  technologies'.  The  fastest  electronic  devices,  HEMTs  and  double  barrier  resonant 
tumielling  diodes  can  oscillate  in  circuits  at  fi-equencies  up  to  several  hundred  GHz.  Meanwhile  optical  devices,  generating 
photons  via  electronic  transitions  can  operate  down  to  around  15  THz.  In  between  lies  the  ter^ertz  (1-10  THz)  or  fer- 
infiared  (300-30pm)  region  of  the  spectrum  which  is  believed  to  have  many  applications,  the  most  important  including 
short-range  wireless  commiuiications,  such  as  wireless  LANs,  and  active  imaging.  The  use  of  fer-inftared  or  terahertz 
fi’equencies  for  active  imaging  has  been  demonstrated  for  security  purposes,  both  baggage  and  persoiuiel  scaiuiing,  but 
perhaps  most  exciting  is  the  possibility  for  medical  imaging^.  TeraHertz  waves  are  a  viable  alternative  to  X-rays  and 
devices  have  the  potential  for  low  power  consumption  and  compactness. 

As  mentioned  above  any  device  utilising  internal  impurity  transitions  could  be  fabricated  using  established  MBE 
technology.  The  most  well  developed  Quantum  Well  (QW)  technology  is  that  based  on  the  GaAs/AlGaAs  system.  In 
principle  either  donors  or  acceptors  could  be  used  to  form  the  energy  levels  of  a  device.  However  in  practice  the  greater 
binding  energy  of  acceptors  makes  them  attractive  candidates  as  they  can  have  their  transition  energies  moved  over  a  wider 
range  by  varying  the  quantum  confined  envirorunent  of  the  impurity.  In  addition  the  transition  energy  could  exceed  the  LO 
phonon  energy,  thus  significantly  reducing  this  non-radiative  loss  mechanism.  In  the  GaAs/ALGai-xAs  system.  Beryllium 
is  a  commonly  used  acceptor;  Beryllium  is  relatively  stable  with  respect  to  diffusion  and  in  bulk  has  a  binding  energy  of  26 
meV.  Previous  studies’  '’  of  Be  doped  GaAs/AlGaAs  QWs  have  observed  the  theoretically  predicted  increase  in  the  acceptor 
binding  energy  with  increased  confinement;  up  to  a  binding  energy  of  50meV.  Thus  confined  Beryllium  acceptor  states 
neatly  span  the  20-60pm  wavelength.  Another  important  aspect  of  such  a  technology  is  that  impurity  states  (unlike 
intersubband  emission)  do  not  have  any  inconvenient  selection  rules  concerning  the  orientation  of  the  electric  field  vector  of 
the  interacting  radiation.  Thus  an  impurity  based  device  could  be  used  as  the  basis  of  a  large  area  surface  emitting  structure. 
If  Beryllium  is  to  be  used  in  such  devices  an  understanding  of  the  recombination  kinetics  of  the  acceptor  excited  states  is 
essential  to  that  end  we  present  here  the  first  reported  spectroscopic  study  of  the  1  s-2p  scattering  rate  for  Be  atoms  in  bulk 
GaAs  using  the  European  Free  Electron  Laser  Infrared  experiment  (FELIX)  in  Rijnhausen,  the  Netherlands. 


2.  THEORY 

The  energy  levels  of  an  acceptor  in  GaAs  are  illustrated  in  figure  1.  The  states  of  a  shallow  acceptor  in  Sphalerite 
semiconductor  can  be  thought  of  as  spin  3/2  atom  with  levels  split  by  the  cubic  crystal  field.  Thus  there  are  several  none- 
degenerate  2p  states  which  could  be  utilised  in  a  device. 
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Figure  1.  Acceptor  energy  levels  in  GaAs,  the  transitions  giving  rise  to  the  D  and  C  lines  studied  here  are  as  marked  in  the 

figure. 
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3.  SAMPLE  PREPARATION 

For  these  preliminary  experiments  a  1pm  thick  GaAs  epilayer  doped  uniformly  with  Be  to  concentration  of  lO'*  Be/cm 
was  used,  corresponding  to  lO’^  Be/cm^.  The  sample  was  grown  by  the  conventional  MBE  technique  and  was  selected  as 
showing  excellent  optical  and  structural  properties.  To  confirm  the  presence  of  the  acceptors  conventional  linear  fer-infiared 
spectroscopy  was  conducted.  To  obtain  linear  spectra  the  sample  was  polished  into  a  wedge  shape  to  prevent  Fabry-Perot 
fringing  and  mounted  over  a  2mm  aperture  inside  a  continuous  flow  He  cryostat,  three  pieces  of  sample  were  stacked  to 
improve  the  absorption  signal.  The  spectra  were  taken  by  a  Bruker  FTIR  spectrometer  with  the  sample  at  4.2K  and 
illuminated  by  a  Hg  lamp  source.  Figure  2  shows  the  linear  absorption  from  this  sample  in  the  region  100-200cm  (12-24 
meV).  The  spectrum  in  figure  2  has  been  normalised  by  dividing  the  spectrum  with  a  reference  spectrum  taken  at  elevated 
temperature  after  the  acceptors  have  thermal  ised  and  no  absorption  is  expected.  Thus  the  vertical  axis  corresponds  to 
absorption  change  relative  to  the  reference  spectrum.  The  two  prominent  absorption  lines  are  the  so  called  D  and  C  lines  cf 
the  Be  acceptors  corresponding  to  the  ISs/jTg  -  and  ISs^Tg  -  2P5/2r7  transitions  respectively  as  described  in  the 

theory  section.  The  two  observed  lines  are  centred  on  167cm‘'  and  183  cm"'  and  the  observed  energy  positions  correspond 
well  to  those  reported  by  Lewis  et  al*  for  a  similar  Be  doped  GaAs  epilayer. 


Figure  2.  Linear  absorption  spectrum  of  Be  doped  GaAs  epilayer  taken  at  4.2K 

These  lines  were  found  to  thermalise  completely  by  70K  in  agreement  with  those  observed  by  previous  workers.  Once  the 
sample  had  been  shown  to  exhibit  the  expected  behaviour  pump-probe  experiments  could  be  attempted. 

4.  EXPERIMENTAL 

In  order  to  study  the  time  dependence  of  the  intra-acceptor  transitions  in  GaAs  it  is  necessary  to  have  an  intense  source  cf 
far-infiared  light  which  will  cover  the  wavelength  region  20-60|im  continuously.  For  many  years  one  of  the  main 
limitations  of  Terahertz  spectroscopy  has  been  the  lack  of  such  sources  of  THz  radiation.  Molecular  lasers  exist  that  operate 
in  the  far  infia-red  but  are  limited  to  specific  wavelengths,  whereas  picosecond  lasers  fitted  with  parametric  oscillators 
currently  only  work  down  to  the  region  of  approximately  ISpm  (20  THz).  This  leaves  a  whole  stretch  of  the  electromagnetic 
spectrum  in  which  currently  neither  solid  state  nor  gas  laser  lasers  can  cover  continuously.  This  (500Ghz-20THz)  region 
corresponds  to  the  terahertz  gap  which  many  researchers  are  trying  to  bridge  in  the  way  described  in  the  introduction.  It  is 
in  this  region  that  the  free  electron  laser  (FEL)  comes  into  its  own  as  the  only  intense  tuneable  source  of  such  radiation.  The 
FELIX  facility  in  Rijnhausen,  The  Netherlands  has  recently  been  shown‘  as  an  effective  means  of  performing  far-infrared  time 
domain  spectroscopy  on  solid  state  systems  for  potential  THz  devices  -  such  as  intersubband  scattering  in  GaAs/AlGaAs 
quantum  wells.  In  order  to  measure  the  2p-ls  scattering  time  for  Be  acceptors  in  GaAs  the  sample,  mounted  as  described  in 
section  3,  was  taken  to  the  FELIX  facility. 

The  FELIX  facility  (in  the  60iim  region  of  the  spectrum)  produces  30ps  long  micro-pulses  40ns  apart,  each  micropulse 
energy  is  approximately  0.1  pJ  giving  a  peak  power  of  the  order  of  30kW.  The  micropulses  are  contained  in  a  lOps  long 
macropulse  with  a  repetition  rate  of  lOHz.  To  measure  the  ls-2p  scattering  time  the  technique  of  pump-probe  was 
employed.  In  contrast  to  systems  involving  continuous  distributions  of  carriers  such  as  intersubband  absorption  in  quantum 
wells,  the  system  studied  here  is  a  two  level  in  acceptors  which  are  isolated  from  each  other.  In  a  simple  two  level  system 
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the  pump-probe  technique  essentially  measures  the  inter-level  scattering  time  directly,  i.e.  the  absoiption  change  observed  at 
a  time  t  after  excitation  by  the  pump  beam  is  proportional  to  the  fiaction  of  holes  still  remaining  in  the  upper  state  at  this 
time.  However,  the  absorption  changes  for  a  realistic  areal  doping  density  are  expected  to  be  relatively  small  (perhaps  a  few 
percent).  The  major  problem  in  detecting  pump-probe  signals  using  FELIX  when  the  absorption  change  is  small  is  Ae  large 
pulse  power  variation  of  the  fiee  electron  laser.  Therefore,  the  pump-probe  experiments  were  performed  in  the  balanced 
pump-probe  set  up  as  originally  implemented  at  FELIX  by  van  der  Meer  et  al  and  extended  to  longer  wavelength  by 
Chamberlain  et  &V.  The  experimental  set  up  is  illustrated  in  figure  3. 
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Figure  3.  Experimental  set  up  for  balance  pump-probe  experiment. 

The  sample  was  mounted  inside  a  continuous  flow  cryostat  with  polythene  windows  and  cooled  to  4.2K.  As  already 
mentioned  the  major  source  of  noise  in  pump  probe  experiements  wiA  FELIX  is  the  large  pulse  power  variation.  In  the 
balanced  pump-probe  experiment  this  problem  is  overcome  by  the  use  of  two  probe  pulses  in  tire  following  way.  A  reference 
pulse  is  created  and  split  again,  one  reference  pulse  is  delayed  by  (a  constant)  20ns.  A  Liquid  He  cooled  photoconductive 
Ge:Ga  detector  is  biased  using  a  25Mhz  signal  synchronised  to  FELIX.  The  phase  of  this  signal  is  adjusted  so  that  the 
maximum  and  minimum  bias  coincides  with  the  probe  and  reference  pulse  respectively  and  thus  the  two  signals  are 
subtracted  within  the  detector  to  zero.  The  original  pump  pulse  is  now  scanned  by  a  variable  delay  line  to  precede  the  probe 
pulse.  The  pump-probe  signal  is  then  measured  as  a  function  of  pump-probe  time  to  a  resolution  of  30ps  as  limited  by  the 
bandwidth  of  FELIX  when  operating  at  bOpm.  The  two  probe  beams  and  the  pump  beam  were  focused  to  approximately 
5mm  diameter  spots  which  were  brought  to  coincidence  at  the  front  of  the  sample.  A  difference  in  angle  of  incidence  for  the 
pump  and  probe  beams  assisted  in  the  rejection  of  the  pump  beam  signal  at  the  detector.  The  pump  probe  signal  was  then 
measured  as  the  delay  line  scanned  the  reference  beam  through  a  Ins  delay  line. 

5.  RESULTS 

Preliminary  scans  of  the  160-200cm'‘  (60-50pm)  using  FELIX  clearly  showed  the  absorption  lines  to  be  studied  (figure  4). 
The  line  at  1 65  cm‘‘  is  due  to  acoustic  phonon  absorption. 


WavenumbCT  cm'* 

Figure  4.  Sample  transmission  as  measured  by  FELIX 
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The  spectrum  in  figure  4  was  taken  at  full  laser  power  and  some  bleaching  of  the  D  line  was  observed  (approximately  30%). 
Balanced  pump  probe  was  then  performed  on  this  signal  using  a  probe  pulse  of  approximately  10%  of  the  pump  beam.  The 
pump-probe  signals  for  the  D  and  C  lines  as  a  function  of  delay  are  shown  in  figure  5a  and  5b. 
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Figure  5a  (left)  and  5b  (right).  The  pump  probe  signal  for  the  C  (fig.  5a)  and  D  (fig.  5b)  line  ls-2p  intra-acceptor 
transitions  in  GaAs:Be.  The  solid  curve  is  calculated  by  a  rate  model  according  to  the  lifetimes  for  the  C  line  of  360ps  and 

for  the  D-line  440ps  as  described  in  the  text. 

The  two-level  rate  equation  for  a  homogeneously  broadened  system  is’ 

^  =  ^/(0(iV„-iV2p)-—  0) 
dt  hco  r 

Where  Nis  and  Nap  are  the  number  of  acceptors  with  holes  in  the  IS  and  2P  states  respectively,  a  is  the  absorption  cross 
section,  t  is  the  lifetime  of  the  transition  and  I(t)  is  the  intensity  of  the  laser  pulse  with  time  which  is  taken  to  be  a  gaussian 
with  width  30ps  (the  pulse  length  of  FELIX  when  operated  at  60pm).  the  absorption  change  observed  is  calculated  as 

4oo 

A  =  (2) 

^no) 

To  solve  this  we  have  considered  Nis  and  Nap  to  be  the  fraction  of  acceptors  in  the  respective  states  we  can  put  Nis  +  Nap=l 
and  adjusted  the  cross  section  term  to  achieve  the  degree  of  bleaching  of  the  transition  observed  in  the  transmission  scan 
figure  4.  Equation  1  was  then  solved  numerically  to  obtain  x.  Using  this  process  the  solid  lines  in  figure  5  were  generated  as 
fits  with  T=360±10ps  for  the  D-line  and  T=440±20ps  for  the  C-line.  The  temperature  dependence  of  the  D-line  transition  rate 
was  also  studied  and  found  to  be  constant  within  experimental  error  up  to  a  temperature  of  40K  at  which  point  some 
thermalisation  of  the  acceptors  was  evident. 

6.  DISCUSSION  AND  CONCLUSIONS 

The  results  presented  in  the  previous  chapter  are,  as  far  as  the  authors  are  aware,  the  first  measurement  of  the  intra-acceptor 
transitions  for  a  shallow  acceptor  in  a  conventional  semiconductor.  Therefore,  whilst  the  observed  lifetimes  are  in  line  with 
expectations,  we  simply  observe  that  these  transition  rates  are  an  order  of  magnitude  longer  than  those  observed  for  typical 
intersubband  transitions  (typically  10-100ps‘).  As  was  discussed  in  the  introduction,  intersubband  transitions  for  optical 
emission  suffer  from  strong  competing  non-radiative  transition  routes.  In  contrast  the  system  studied  here  is  essentially  a 
two  level  system  in  which  continuous  loss  of  energy  via  successive  single  acoustic  phonon  interaction  cannot  occur. 
Moreover,  the  stability  of  the  transition  with  temperature  is  also  in  line  with  our  predictions  and  encouraging  for  optical 
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applications.  Obviously  it  will  also  be  important  to  generate  and  observe  photon  emission  from  the  studied  transitions  in 
order  to  assess  whether  the  observed  decays  are  radiative.  A  detailed  study  of  this  system,  both  theoretical  and  experimental, 
including  studies  of  delta  doped  quantum  wells  and  Terahertz  generation  by  optical  pumping  of  the  acceptor  states,  is  in 
preparation. 


7.  ACKNOWLEDGEMENTS 

The  authors  would  like  to  thank  D.Amone  of  Toshiba  labs  U.K.  for  the  FTIR  measurements.  We  would  also  like  to 
recognise  the  support  of  the  Royal  Society,  the  University  of  Leeds,  UMIST  and  EPSRC  (FELIX  grant). 

8.  REFERENCES 


1 .  J.M.  Chamberlain  and  R.E.  Miles,  editors. 

‘  New  directions  in  terahertz  technology’, 

Kluwer,  Dordrecht,  1997. 

2.  M.May  ‘T-rays  spell  sharper,  safer  images’ 

New  Scientist,  pp.  22-24,  24  May  1997. 

3.  D.Gammon,  R.Marlin,  W.T.  Masselink,  and  H.Morkoc. 

‘  Raman  spectra  of  shallow  acceptors  in  quantum  well  structures.’ 

Phys.  Rev.  B,  33  no  86  pp  2919-2922.  1986 

4.  A.A.Reeder,  J.M.Mercy  and  B.D.McCombe 

‘Effects  of  confinement  on  shallow  donors  and  acceptors  in  GaAs/AlGaAs  Quantum  wells’ 

IEEE  J.  Quant.  Electronics  24  no8  pp.l690-I697.  1988 

5.  R.A.Lewis,  T.S.Chang,  M.Henini  and  J.M.Chamberlain. 

‘Energy  states  of  Be  in  GaAs’  Phys.  Rev.  B,  53  nol9  pp  12829-12834. 

6.  B.N.  Murdin,  G.M.H.  Knippels,  A.F.G.  van  der  Meer,  C.R.  Pidgeon,  C.J. 

G.M.  Langerak,  M.Helm,  W.Heiss,  K.Unterrainer,  E.Gomik,  N.J.  Hovenier, 
and  W.Th.  Wenckebach. 

‘Excite-probe  determination  of  the  intersubband  lifetime  in  wide 
GaAs/AlGaAs  quantum  wells  using  a  far-infrared  free  electron  laser.’ 

Semicond.  Sci.  Technol,  9  ppl554-1557,  1994. 

7.  B.E.Cole,  C.J.G.M.Langerak,  B.N.Murdin,  C.D.Bezant,  J.M.Chamberlain,  C.R.Pidgeon, 
M.Henini  and  V.Nakov. 

‘Saturation  absorption  studies  of  intersubband  relaxation  rates  in  a  p-GaAs/AlGaAs  Qw  using  a  free 
electron  laser’ 

Physica  E,  1998  Vol  2,  Nol-4  pp.181-185. 


176 


Invited  Paper 


Suppression  of  LO  phonon  scattering  in 
“quasi”  quantum  wires  and  dots. 

B.N.  Murdin 

Department  of  Physics,  University  of  Surrey,  Guildford,  GU2  5XH,  UK. 
(fax,  +  44  1482  876781,  email  b.murdin(^urrey.ac.uk) 


ABSTRACT 

We  review  recent  work  on  the  scattering  of  electrons  in  doped  quantum  wells  in  high  magnetic  fields. 
Picosecond  time-resolved  far-infrared  measurements  have  allowed  the  determination  of  scattering  lifetime 
between  Landau  levels  as  a  function  of  applied  field  in  quantum  wells  and  bulk  material.  The  measurements 
show  a  clear  suppression  of  the  cooling  rate  when  the  Landau  level  spacing  is  equal  to  the  phonon  energy,  and 
thus  the  results  provide  unambiguous  evidence  for  the  phonon  bottleneck. 


Picosecond  time-resolved  far-infrared  measurements  have  allowed  the  determination  of  scattering  lifetime  between  Landau 
levels  as  a  function  of  applied  field  in  quantum  wells  and  bulk  material.  The  magnetic  field  quantises  the  motion  of  the 
electrons  in  the  perpendicular  plane  and  the  density  of  states  mimics  that  of  a  quantum  dot  in  the  case  of  a  quantum  well 
sample  (B  ||  growth)  or  a  quanmm  wire  in  the  case  of  bulk  sample.  These  “quasi”  quantum  wires  and  dots  have  an  easily 
variable  confinement  scale,  and  are  far  more  homogeneous  than  spatially  confined  systems.  For  example,  in  rectangular 
quantum  wires  the  density  of  states  follows 


P  = 
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and  for  a  Landau  quantised  wire 
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where  the  magnetic  confinement  length  Lb  is  related  to  the  cyclotron  frequency  tq,  by 
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Quasi  wires  and  dots  therefore  present  a  way  of  testing  ideas  about  low-dimensional  semiconductor  systems  (LDS),  and  we 
review  here  our  recent  results  on  intraband  cooling  lifetimes.  Understanding  of  intraband  lifetimes  is  essential  for  the  design 
of  optoelectronic  devices  based  on  LDS,  e.g.  devices  based  on  the  intraband  transitions  themselves  such  as  Quantum  Cascade 
require  long  excited  state  lifetimes  and  a  fast  lower  state  depopulation.  InterhsraA  lasers  require  a  fast  cooling  of  electrons  to 
the  band  edge,  and  recent  interest  in  quantum  dots  (QD)  has  provoked  debate  over  the  existence  and  relative  importance  of 
the  so-called  phonon  bottleneck  in  the  intraband  cooling.  Intraband  scattering  occurs  from  the  interaction  of  carriers  with  the 
lattice  (phonons),  with  impurities,  and  among  themselves. 


One  of  the  primary  scattering  mechanisms  in  semiconductors  is  the  emission  of  longitudinal  optic  (LO)  phonons.  However 
this  process  is  resonant,  and  the  cooling  of  carriers  by  LO  emission  in  quantum  dot  structures  may  be  inhibited  when  the  level 
separation  is  not  equal  to  the  phonon  energy,  fiato,  thus  reducing  the  interband  emission  efficiency.  There  have  recently  been 
a  significant  number  of  experiments  which  have  attempted  to  measure  the  intraband  lifetimes  in  quantum  dot  systems  ' ,  and 
the  results  are  somewhat  inconsistent,  but  this  may  well  be  due  to  slightly  differing  sample  stracture  and  also  to  differing 
measurement  techniques.  There  are  many  groups  who  have  reported  fast  cooling  times  fl:om  near-IR  interband  measurements 
and  attributed  this  to  a  number  of  competing  processes.  One  such  process  is  Auger  scattering  where  the  energy  is  taken  away 
by  charge  carriers  which  have  little  or  no  quantum-confined  energy  restriction  e.g.  heavy  holes  or  barrier  electrons.  The 
problem  remains  to  quantify  the  speed  of  these  processes  and  develop  a  model  which  successfully  predicts  which  is 
dominant.  One  way  to  discriminate  between  processes  is  by  doing  far-IR  intraband  measurements  on  n-type  doped  samples. 
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These  give  the  pure  scattering  rate  due  to  electron-confined  electron  and  electron-phonon  cooling,  and  eliminate  the  electron- 
hole  and  electron-barrier  electron  Auger  mechanisms. 

There  has  at  present  been  no  published  literature  on  far-IR  measurements  on  quantum  dots,  and  this  is  probably  due  to  the 
difficulty  of  growing  highly  homogeneous  samples.  Typical  self-organised  dot  samples  exhibit  several  PL  lines  under  high 
laser  pump  intensity,  and  the  narrowest  of  the  reported  lines  is  around  15meV  wide,  separated  by  about  75meV.  This  would 
lead  to  a  far-IR  transition  which  is  at  least  20%  broad  (assuming  the  PL  lines  involve  heavy  hole  states  with  negligible 
separation). 

In  order  to  try  to  fill  in  this  gap  we  have  performed  picosecond-resolved,  far-IR  pump-probe  spectroscopy  on  doped,  quasi 
quantum  dots.  Our  results  show  unequivocal  evidence  for  a  phonon  bottleneck,  and  indicate  that  the  size  of  the  suppression 
of  non-resonant  scattering  (bottlenecking)  as  compared  with  resonant  LO  scattering  may  be  2  orders  of  magmtude.  As 
already  stated  this  may  not  be  the  dominant  effect  in  interband  experiments  (or  on  spatially  quantised  dots)  and  further 
experiments  are  planned  where  photo-excited  carriers  are  added  to  the  system  to  quantify  their  effect. 


Level  separation  energy  (meV) 


4K 
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Figure  1.  Resonant  cooling  in  an  InAs/AlSb  QW  as  a  function  of  magnetic  field.  After  Ref  [7]. 

Several  experiments  have  provided  results  in  different  regimes  of  intraband  scattering.  There  are  essentially  3  pathways  for 
the  relaxation  to  occur.  The  first  is  by  direct,  resonant  LO  phonon  emission.  This  occurs  when  a  pair  of  Landau  levels  is 
separated  by  the  phonon  energy,  and  has  been  observed  in  InAs  quasi  dots  (Fig  1)  to  be  of  order  1  ps  when  Al  =  \  '  .  This 
increases  to  order  10  ps  for  Al  =  2,3  *  ®  due  to  the  reduction  in  matrix  element  (Fig  2),  and  this  shows  that  modification  of  the 
LO  scattering  rate  may  be  possible  by  modification  of  the  electronic  wavefiinctions.  The  increased  joint  density  of  states  in 
quasi-wires  means  that  measurement  of  the  resonant  LO  scattering  lifetime  is  difficult. 
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Magnetic  Field  (T) 

Figure  2.  The  matrix  elements  of  the  LO  phonon  emission  in  a  InAs  quasi  quantum  dot,  calculated  from  a  14  band  quantum 
well  k.p  calculation,  showing  the  effect  of  varying  the  electron  wavefiinctions  on  the  peak  scattering  rate.  After  Ref  [7]. 

The  second  relaxation  pathway  is  via  a  combination  of  electron-electron  (e-e)  scattering  followed  by  electron-LO  phonon 
emission  (e-LO).  This  may  occur  in  quasi  wire  away  from  the  LO  phonon  resonance  since  the  ID  density  of  states  always 
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allows  e-LO  to  occur,  though  not  necessarily  at  the  zone  centre.  The  electrons  are  fed  by  e-e  into  those  states  which  can  be 
scattered  by  the  phonons.  Work  in  this  regime  on  bulk  n-InSb  showed  Landau  lifetimes  of  approximately  0.1ns.  A  similar 
regime  may  be  reached  in  quasi  dots  when  the  excitation  is  less  than  the  phonon  energy,  but  higher  levels  are  resonant.  This 
was  the  case  for  most  previous  work  on  GaAs  quantum  wells"''^,  where  lifetimes  of  >1  ns  have  been  seen.  The  lifetime  in 
these  cases  is  determined  by  the  slowest  of  the  2  stages  in  the  decay,  and  from  the  observation  that  x  oc  1/n  this  appears  to 
have  been  the  e-e  part. 

Finally  LO  phonon  scattering  may  be  suppressed,  as  in  quasi-dots  away  from  LO-phonon  resonance.  Relaxation  must  take 
place  via  e-LO  from  the  wings  of  the  (broadened)  Landau  levels,  or  via  some  other  weak  process  such  as  e-LA  or  multi¬ 
phonon  scattering.  As  for  the  above,  the  precise  times  are  likely  to  be  governed  by  the  level  structure  and  linewidth.  Carriers 
may  have  extremely  long  lifetimes  compared  with  resonant  e-LO  in  the  same  sample,  ranging  from  lOps  for  lower  mobility 
InAs  samples  (i.e.  larger  linewidths)*  up  to  order  100  ps  for  higher  mobilities’’^. 

In  order  to  study  the  dependence  of  the  LO  phonon  supression  effect  on  the  degree  of  confinement  as  the  transition  is  made 
from  dots  to  wires,  we  chose  to  investigate  the  lead-salts*''.  In  this  system  the  LO  phonon  energy  is  much  lower  than  for  InAs, 
which  enabled  us  to  easily  probe  the  situation  in  which  the  level  separation  is  greater  than  the  LO  phonon  energy.  The 
samples  used  were  a  bulk  epilayer  of  PbTe,  a  wide  parabolic  p-n-p  doping  well  of  PbTe  and  a  quantum  well  of  PbTe/Pbi. 
xEuxTe.  The  three  samples  allow  comparison  of  the  effects  of  no  z-confinement  (i.e.  a  “quasi”  wire),  weak,  and  strong  z- 
confinement  respectively.  All  samples  had  wide  cyclotron  resonance  linewidths  and  therefore  even  though  the  experiments 
were  performed  away  from  the  LO  phonon  resonances,  the  suppression  is  much  weaker  than  for  the  high  mobility  InAs 
sample.  However,  a  clear  increase  in  the  lifetime  was  observed  from  the  bulk  to  wide  well  to  narrow  well,  in  line  with  the 
above  discussion. 

In  summary,  useful  insight  in  to  the  intraband  scattering  rates  in  low  dimensional  semiconductor  heterostructures  may  be 
gained  from  the  Landau-confined  analogues.  Results  have  been  obtained  in  n-t3pe  narrow  and  wide  gap  semiconductor 
systems.  We  are  ctxrrently  extending  these  results  to  find  the  effect  of  hole  concentration  by  fs-pulsed  photo-excitation 
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ABSTRACT 

We  describe  a  range  of  techniques  developed  by  the  Oxford  group  for  use  in  conjunction  with  the  Millimetre- 
wave  Vector  Network  Analyser  in  measurements  of  magnetic  resonance  and  high-frequency  conductivity,  at 
extremely  low  temperatures  and  high  magnetic  fields.  Included  are  a  variety  of  resonant  cavity  techniques. 
The  cylindrical  geometry  is  used  to  produce  high-Q  tuneable  cavities,  ideally  suited  to  measurements  of  the 
frequency  and  temperature  dependence  of,  for  example,  cyclotron  resonance  of  carriers  in  GaAs-(Ga,Al)As 
heteroj unctions.  A  family  of  rectangular  cavities  has  been  designed  specifically  for  measurements  of  the 
angle-dependent  high-frequency  conductivity  of  organic  molecular  metals;  these  systems  allow  us  either  to 
rotate  the  whole  cavity  (containing  a  sample)  in  the  external  magnetic  field,  thus  measuring  the  dependence 
of  a  particular  component  of  the  conductivity  tensor  on  magnetic  field  orientation,  or  to  rotate  the  sample 
within  the  cavity,  thus  measuring  different  components  of  the  magneto-conductivity.  We  also  describe  a 
non-resonant  measurement  using  a  pressure  cell  with  optical  access  permitting  experiments  at  up  to  1.8  GPa. 
Examples  of  data  obtained  from  each  technique  are  included. 

Keywords:  Millimetre- waves,  solid  state  physics,  MVNA,  techniques 

1.  INTRODUCTION 

For  the  past  few  years,  the  Correlated  Electron  Systems  Group  in  the  Clarendon  Laboratory,  Oxford,  has  used 
a  Millimetre-wave  Vector  Network  Analyser  (MVNA)^  extensively  as  a  millimetre-wave  source  and  detection 
system.  In  this  paper,  we  describe  some  of  the  ways  that  we  have  developed  to  interface  the  MVNA  to  the 
high  magnetic  field,  very  low  temperature  environment  in  which  our  experiments  are  performed. 

2.  OPERATION  OF  THE  MVNA 
2.1.  Principles  of  operation 

At  the  heart  of  the  MVNA  are  two  carefully  matched  yttrium-iron-garnet  (YIG)  oscillators.  Si  and  ^2.^  By 
varying  the  current  driving  the  YIGs,  they  can  be  made  to  oscillate  at  any  frequency  between  8  and  18  GHz. 

The  frequency,  Fghz,  of  the  first  source.  Si,  is  chosen  by  the  user.  The  signals  from  Si  and  S2  are  mixed 
and  the  difference  frequency  is  compared  with  a  reference  from  a  programmable  synthesiser  generating  a 
MHz  frequency,  Fmhz-  A  feedback  loop  driving  S2  maintains  a  firequency  difference  of  Fmhz  between  the  two 
sources.  In  this  way  the  sources  are  tied;  S2  follows  Si  as  the  user  varies  the  frequency  Fghz- 

The  source  Si  drives  a  Schottky  diode  (labelled  in  Fig.  1  as  HG  for  Harmonic  Generator).  This  device 
acts  as  a  transducer,  emitting  radiation  at  the  frequency  of  the  current  it  carries.  The  Harmonic  Generator 
derives  its  name  from  the  fact  that  it  has  non-linear  current-voltage  characteristics;  it  is  driven  by  a  voltage 
oscillating  sinusoidally  at  a  frequency  Fghzi  but  the  current  through  it  is  made  up  of  a  range  of  Fourier 
components.  Thus  a  comb  of  millimetre- wave  frequencies,  Fmm  =  NFom,  is  radiated,  where  N  is  an  integer. 

Corresponding  author:  J.M.  Schrama,  E-mail:  marije.sdirama@magd.ox.ac.uk 
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Figure  1.  A  schematic  of  the  principle  of  operation  of  the  MVNA. 


The  millimetre  waves  are  sent  through  the  experiment  (or  the  device  under  test) ,  where  they  are  attenu¬ 
ated  and  pick  up  a  phase  change  of  5<t>N.  They  are  incident  on  another  Schottky  diode,  HM  (for  Harmonic 
Mixer),  which  is  driven  by  S2  at  a  frequency  Fqhz  “  Fmhz-  This  diode  also  has  non-linear  current- voltage 
characteristics,  matched  as  closely  as  possible  to  HG.  The  millimetre  waves  transmitted  through  the  ex¬ 
periment  mix  with  the  harmonics  of  the  HM  driving  frequency,  N'(Fghz  “  Fmhz)-  A  comb  of  difference 
frequencies,  ,  is  generated, 

=  iVFGHz  -  iV'(FGHz  -  Fmhz)  =  {N-  ATOFghz  +  AT'Fmhz  (1) 

The  amplitude  of  the  signal  at  the  frequency  is  proportional  to  the  amplitude  of  the  millimetre  wave 
of  frequency  Fmm  =  ATFghz  arriving  at  HM,  and  its  phase  is 

(2) 

where  4>i  ^'^d  <l>2  are  the  phases  of  the  sources  5i  and  S2  respectively. 

A  subset  of  these  frequencies,  those  for  which  N  =  N'  and  —  NFmhz,  are  in  the  MHz  range; 

the  rest  are  GHz  frequencies.  The  phases  are  =  N{<j>i  —  ^2)  +  ^(f>N  =  ^<pN,  since  Si  and  S2  are 
phase  locked,  and  the  amplitudes  are  proportional  to  the  amplitude  of  the  millimetre  wave  of  frequency 
Fmm  =  A’Fghz  transmitted  through  the  experiment.  One  of  these  radio-frequency  signals  is  chosen  in  the 
Vector  Receiver.  Its  frequency  is  stepped  down  by  mixing  with  signals  from  programmable  synthesisers  that 
are  synchronised  with  the  Fmhz  synthesiser.  Its  amplitude  and  phase,  and  hence  the  amplitude  and  phase 
of  the  corresponding  transmitted  millimetre  wave,  are  measured  by  a  lock-in  amplifier.  Thus,  the  MVNA 
measures  both  the  amplitude  and  the  phase  of  a  millimetre-wave  signal  transmitted  through  an  experiment, 
employing  only  solid  state  electronics. 

2.2.  Details  of  operation 

The  difference  frequency 

The  Vector  Receiver  can  function  at  either  of  two  frequencies,  IVFmhz  =  9.010488  (usually  used  when 
N  <  Z)  or  34.010488  MHz  (usually  used  when  N  >  3).  The  choice  of  difference  frequency,  Fmhz,  therefore 
depends  on  the  harmonic  used.  For  example,  measurements  made  using  the  second  harmonic,  AT  =  2,  would 
employ  a  difference  frequency  of  Fmhz  =  9.010488/2  =  4.505244  MHz.  For  measurements  using  N  =  5, 
Fmhz  =  34.010488/5  =  6.8020976  MHz.  Control  software  calculates  the  appropriate  difference  frequency  and 
programs  the  synthesiser  automatically. 

Frequency  stabilisation 
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The  MVNA  has  a  frequency  stabilisation  input;  the  frequency  Fqhz  can  be  varied  by  up  to  ±100  MHz  by 
applying  a  voltage  in  the  range  -10  V  to  ±10  V.  A  frequency  counter  (such  as  an  EIP575)  can  be  programmed 
to  output  a  voltage  proportional  to  the  difference  between  its  input  frequency  and  a  reference  set  by  the  user. 
This  voltage  is  fed  back  to  the  stabilisation  input,  locking  Fqhz  to  the  reference  frequency. 

The  stabilisation  input  can  also  be  used  to  lock  the  phase  rather  than  the  frequency.  This  is  useful  if  a 
measurement  is  being  performed  in  a  cavity  whose  quality  factor,  and  hence  resonant  frequency,  is  changing 
significantly  over  the  course  of  the  measurement.  The  procedure  makes  use  of  the  fact  that  the  phase  of 
the  wave  in  the  cavity  remains  constant  when  it  is  at  resonance,  even  if  the  resonant  frequency  changes  (see 
Section  4.2).  An  external  lock-in  amplifier  is  connected  to  the  output  of  the  Vector  Receiver.  Fmm  is  tuned 
such  that  the  cavity  is  at  resonance.  The  external  lock-in  is  phased  to  the  output  of  the  Vector  Receiver,  so 
that  the  out-of-phase  component  reads  zero.  The  out-of-phase  analogue  output  of  the  external  lock-in  is  fed 
back  to  the  stabilisation  input.  If  the  cavity’s  resonant  frequency  varies  from  the  measurement  frequency,  the 
external  lock-in  detects  an  out-of-phase  component;  its  output  stabilises  Fmm  back  to  the  cavity’s  resonant 
frequency,  where  the  out-of-phase  component  is  restored  to  zero.  The  lock-in  time  constant  and  gain  can  be 
adjusted  for  optimum  results. 

This  procedure  does  not  work  if  there  are  other  factors  causing  phase  drift  in  the  measurement;  one 
example  is  the  variation  in  length  of  the  waveguides  that  couple  the  cavity  to  HG  and  HM. 

Sweeps 

.4t  a  harmonic  N,  the  measurement  frequency  can  be  swept  continuously  from  8x  N  GHz  to  18  x  A’  GHz. 
Any  frequency  between  8  GHz  and  about  350  GHz  is  accessible  with  a  suitable  choice  of  N .  The  dynamic 
range  is  about  120  dB  for  A  =  4.  This  falls  by  5  or  6  dB  each  time  A  is  increased  by  1. 

The  control  computer  can  perform  continuous  sweeps  of  firequency  within  a  certain  harmonic;  the  fre¬ 
quency  Fghz  is  monitored  using  a  frequency  counter  with  an  accuracy  of  ~  100  Hz.  This  is  a  very  powerful 
feature,  allowing  rapid  evaluation  of  the  frequency  response  of  the  experiment  or  device  under  test.  This  can 
give  a  user  an  instant  measurement  of  the  quality  factor  of  a  cavity  and  the  amplitude  of  any  millimetre-wave 
leaks,  for  example,  or  of  the  cut-off  frequency  of  a  section  of  micro-machined  waveguide.® 

Alternatively,  the  frequency  Aghz  can  be  locked  to  the  counter  and  the  experiment’s  response  can  be 
measured  while  an  external  parameter,  such  as  magnetic  field  or  antenna  angle,  is  swept. 

The  millimetre-wave  heads 

The  performance  of  the  Schottky  diodes  can  be  optimised  for  certain  harmonics.  The  heads  HG  and 
HM  come  in  pairs  suitable  for  use  at  certain  ranges  of  harmonics.  Some  of  the  pairs  can  be  biased  with  a 
d.c.  current  to  optimise  their  response  at  a  certain  frequency.  Some  heads  also  have  a  tuning  screw  which 
can  be  used  to  optimise  the  coupling  of  the  diode  to  the  waveguide.  These  heads  are  less  suitable  for  use  in 
frequency  sweeps  than  the  alternative  broadband  heads,  because  the  coupling  depends  strongly  on  frequency 
and  so  the  signal  strength  varies  greatly  over  the  course  of  a  sweep. 

2.3.  The  MVNA  as  a  spectrometer  in  solid  state  physics 

The  experiments  carried  out  by  the  Oxford  group  are,  for  the  most  part,  concerned  with  the  millimetre-wave 
properties  of  materials  at  low  temperatures  and  high  magnetic  fields.  These  conditions  can  only  be  generated 
in  confined  spaces  inside  cryostats  and  magnet  bores.  The  MVNA  provides  a  source  and  a  detector,  both 
operating  at  room  temperature.  The  millimetre  waves  must  interact  with  the  sample  inside  the  cryostat  for 
a  measurement  to  be  possible;  the  sample  must  be  coupled  to  the  millimetre  wave  heads  by  waveguides. 

The  solutions  of  Maxwell’s  equations  with  boundary  conditions  corresponding  to  the  presence  of  a  waveg¬ 
uide  are  different  from  the  free  space  solutions  in  several  important  respects.'*  There  is  a  frequency  below 
which  radiation  is  not  transmitted  (the  cut-off  frequency),  and  above  this  frequency,  only  certain  discrete 
field  distributions  are  allowed  in  the  transverse  direction  (perpendicular  to  the  direction  of  propagation). 
These  transmitted  modes  fall  into  two  classes,  transverse  electric  {TEmn)  sJid  transverse  magnetic  {TMmn)\ 
the  indices  m  and  n  are  the  number  of  half  wavelengths  in  the  field  distribution  in  each  of  the  transverse 
directions. 
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Figure  2.  Schematics  of  the  (a)  transmission  and  (b)  reflection  experiments. 

A  waveguide  can  be  terminated  at  both  ends,  such  that  it  contains  an  integer  number  of  half  wavelengths 
along  its  length.  In  this  configuration,  it  can  support  resonant  standing  wave  at  a  particular  frequency.  These 
resonant  cavity  modes  are  indexed  in  the  same  way  as  their  “parent”  modes,  TEmnp  aJid  TMmnp,  with  the 
extra  index,  p,  indicating  the  number  of  half  wavelengths  contained  between  the  terminations. 

2.4.  Measurements 

In  any  experiment,  the  source  emits  millimetre  waves,  which  are  guided  into  the  cryostat  where  the  sample 
interacts  with  them,  after  which  they  are  guided  back  out  of  the  cryostat  to  the  detector.  The  sample  can 
interact  with  millimetre  waves  passing  it  in  a  travelling  waveguide  mode  or  it  can  be  placed  in  a  cavity  where 
it  interacts  with  a  resonant  millimetre-wave  field.  In  the  following  Sections,  these  two  approaches  and  the 
associated  experimental  apparatus  are  described  in  detail. 

3.  TRANSMISSION  AND  REFLECTION  MEASUREMENTS 

Fig.  2  shows  schematics  of  apparatus  used  to  measure  the  transmission  and  reflection  of  a  sample. 

3.1.  Transmission 

In  the  transmission  set-up,  the  sample  is  placed  across  the  waveguide  in  the  external  steady  magnetic  field 
centre.  Millimetre  waves  emitted  from  the  source  HG  are  incident  on  the  sample,  and  a  certain  proportion 
are  transmitted  through  it.  The  transmitted  waves  axe  guided  around  a  U-bend  at  the  bottom  of  the  insert 
and  back  up  to  the  detector,  HM,  where  their  amplitude  and  phase  are  measured. 

The  sample  must  cover  a  large  proportion  of  the  cross-sectional  area  of  the  waveguide,  otherwise  much  of 
the  signal  will  be  transmitted  around  the  sample  without  interacting  with  it.  If  the  sample  is  small,  it  should 
be  mounted  on  a  metallic  diaphragm  with  a  hole  covered  by  the  sample.  In  practice,  it  is  usually  necessary 
to  fix  the  sample  with  conductive  paint.  Any  paints  and  glues  used  in  the  set-up  should  be  tested  in  the 
absence  of  the  sample  to  ensure  that  they  do  not  themselves  contribute  features  to  the  spectra. 

3.2.  Reflection 

The  reflection  set-up  employs  a  single  waveguide  and  a  directional  coupler.  The  wave  from  the  source  is 
guided  down  to  the  sample,  which  is  again  positioned  in  the  external  magnetic  field  centre.  The  reflected 
wave  is  guided  back  up  and  coupled,  via  the  directional  coupler,  to  the  detector,  where  its  amplitude  and 
phase  are  measured. 
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Figure  3.  Schematic  representation  of  the  ’’Kornilov  cell”.®  This  cell  was  specially  designed  for  millimetre 
wave  experiments  at  low  temperatures  and  high  magnetic  fields. 

3.3.  High  pressure  measurements 

The  transmission  geometry  can  be  combined  with  an  optical  pressure  cell  to  allow  non-resonant  measurements 
of  the  millimetre- wave  transmission  of  samples  at  high  pressures,  low  temperatures  and  high  magnetic  fields. 
Pressure  is  a  fundamental  thermodynamic  variable  that  causes  a  controlled  volume  change  of  a  physical 
system.  Varying  the  pressure  allows  us  to,  for  example,  adjust  the  bandstructure  or  carrier  correlations  in  a 
material®;  such  pressure-induced  changes  can  be  observed  through  the  measurement  of  cyclotron  resonance. 

Cyclotron  resonance  measurements  under  pressure  are  made  possible  by  an  optical  cell  developed  by 
A.  Kornilov,  Lebedev  Institute,  Moscow,  Russia.®  This  cell  is  a  piston-cylinder  cell,  in  which  the  pistons 
and  the  supporting  plugs  on  both  ends  of  the  cell  have  been  replaced  by  cylindrical  sapphire  windows  (see 
Fig.  3).  The  cell  body  is  of  a  common  two  cylinder  design,  with  an  inner  cylinder  of  NiCr-alloy  wedged  into 
an  outer  supporting  cylinder  of  beryllium-copper  or  titanium  alloy.  The  practical  pressure  limit  of  the  cell 
is  1.8  GPa.  The  cell  is  small  enough  (outer  diameter  18  mm,  length  about  4.5  cm)  to  be  integrated  into 
a  waveguide  circuit  that  can  be  inserted  into  a  ®He  cryostat  inside  the  bore  of  a  superconducting  magnet. 
Whereas  diamond  anvil  cells  or  most  other  optical  pressure  cells  generally  have  a  very  restricted  area  of 
optical  access  that  will  cause  diffraction  problems  for  the  long  wavelengths  used  in  MVNA  experiments,'^  the 
“Kornilov  cell”  overcomes  this  drawback  by  making  the  whole  inner  diameter  of  the  cell  of  3.7  mm  optically 
accessible.  The  cell  is  suitable  for  measurements  at  frequencies  exceeding  40  GHz.  Its  upper  frequency  limit 
is  the  absorption  band  of  sapphire  (10  THz  -  150  THz).  We  selected  silicon-oil  as  the  pressure  transmitting 
medium  for  our  measurements,  as  this  fluid  does  not  react  with  our  samples  and  shows  no  absorbency  in  the 
broad  energy  range  investigated. 

We  performed  the  first  cyclotron  resonance  studies  of  high  mobility  two-dimensional  hole  systems  (GaAs- 
(Al,Ga)As  hetero junction)  under  pressure.  Fig.  4  shows  a  resonance  spectrum  under  pressure  taken  in 
transmission  mode.  The  signal  to  noise  ratio  over  the  whole  field  scan  and  the  quality  of  the  fit  verify  the 
suitability  of  the  cell  for  this  kind  of  measurement.  These  measurements  were  used  to  determine  the  change 
of  effective  mass  in  the  two-dimensional  hole  systems  with  pressure.® 
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Figure  4.  Transmission  spectrum  and  MVNA  fit  for  a  high  mobility  GaAs/(Al,Ga)As  heterojunction  (NU 
942)®  at  P  =  0.95  GPa,  T  =  4.2  K  and  f  =  63.912  GHz.  (a)  Transmission  and  phase  versus  magnetic  field, 
(b)  Polar  plot  of  amplitude  and  phase. 

3.4.  Advantages  and  disadvantages  of  non-resonant  measurements 

Non-resonant  measurements  are  easy  to  set  up  and  quick  to  perform.  They  allow  the  millimetre- wave  prop¬ 
erties  of  a  sample  to  be  studied  over  a  wide  range  of  frequencies. 

However,  under  certain  circumstances,  the  interpretation  of  the  results  of  non-resonant  measurements 
often  proves  to  be  rather  difficult.  The  problems  arise  because  the  electrodynamic  environment  around  the 
sample  is  poorly  defined,  and  may  even  change  during  a  measurement.  A  sample  in  a  transmission  insert 
provides  a  reflection  point  in  the  waveguide,  setting  up  a  standing  wave.  The  sample  therefore  experiences  a 
mixture  of  oscillating  electric  and  magnetic  fields  that  depends  critically  on  the  properties  of  the  sample.  If, 
during  a  magnetic  field  sweep,  the  properties  of  the  sample  change,  for  example  if  the  charge  carriers  undergo 
cyclotron  resonance,  then  the  sample’s  electromagnetic  environment  can  change  drastically,  changing  the 
nature  of  the  measurement. 

A  resonant  cavity  can  provide  a  stable  and  well  defined  electromagnetic  environment,  which  circumvents 
these  problems,  while  increasing  the  sensitiviy  of  a  measurement  by  several  orders  of  magnitude. 

4.  CAVITY  MEASUREMENTS 

The  simple  cavities  introduced  in  Section  2.3  are  not  particularly  useful  in  real  experiments  because  they 
provide  no  mechanism  for  exciting  a  field  inside  the  cavity  and  there  is  no  indication  of  how  to  make  a  sample 
interact  with  such  a  field.  These  issues  will  be  discussed  in  this  Section. 

4.1.  Exciting  a  mode:  coupling  to  the  cavity 

An  electromagnetic  wave  incident  on  a  metallic  surface  induces  currents  in  the  metal.^  These  currents  screen 
the  bulk  of  the  metal  from  the  wave  and  re-radiate  the  reflected  wave.  A  resonating  cavity  can  be  thought 
of  as  a  box  in  which  an  electromagnetic  wave  is  constantly  reflected  from  each  metallic  surface.  The  surfaces 
of  the  cavity  carry  oscillatory  currents  which  sustain  the  oscillatory  fields.  For  a  given  millimetre-wave  field 
distribution,  the  current  density  is  perpendicular  to  the  local  magnetic  field  direction,  and  the  magnitude  of 
the  current  is  largest  in  parts  of  the  walls  coincident  with  magnetic  field  antinodes. 

Since  the  currents  in  the  cavity  walls  are  exactly  sufficient  to  contain  the  millimetre-wave  field,  a  “missing 
current”  will  radiate  as  the  corresponding  current  would  in  the  absence  of  the  millimetre-wave  field;  if  a 
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hole  to  the  outside  is  made  in  the  cavity  wall  at  one  of  the  points  at  which  the  current  density  is  large,  the 
hole  will  radiate.  This  provides  a  mechanism  for  coupling  energy  both  into  and  out  of  a  resonant  cavity.  A 
millimetre  wave  of  the  correct  frequency,  when  incident  on  such  a  hole  from  outside,  will  contribute  energy  to 
the  resonant  millimetre-wave  field  inside  the  cavity.  Holes  through  which  energy  can  be  supplied  or  radiated 
are  known  as  coupling  holes. 

It  is  clear  that  the  position  of  the  coupling  holes  is  critical.  Coupling  holes  in  certain  positions  can  excite 
only  certain  modes;  modes  with  no  current  density  at  the  coupling  hole  position  cannot  be  excited.  This 
property  allows  the  cavity  to  act  as  a  filter.  Broadband  radiation  incident  on  the  coupling  hole  will  excite  a 
particular  mode,  with  a  well  defined  frequency,  inside  the  cavity.  Radiation  can  be  coupled  out  of  the  cavity 
through  another  coupling  hole.  The  emitted  radiation  will  have  the  same  spectrum  as  the  radiation  inside  the 
cavity;  the  higher  the  quality  factor,  the  narrower  the  transmitted  intensity  peak  will  be  around  the  resonant 
frequency. 


4.2.  Frequency  response 


A  cavity  has  the  same  resonant  behaviour  as  an  LCR  circuit  or  a  damped  simple  harmonic  oscillator.  The 
generalised  equation  of  motion  is 

d'^x  dx  0  „ 


(3) 


In  the  case  of  a  resonant  cavity,  x  represents  the  amplitude  of  the  electromagnetic  wave  inside,  7  is  a  damping 
constant,  ojq  is  the  resonant  frequency  and  is  the  amplitude  of  the  in-coupled  wave.  The  steady  state 


solution  is 


X  =  Eo 


(w2-w2)2+a;272 


(4) 


The  amplitude  is 


kl  = 


Eo 

yJ{ujl  -a;2)2  q-cu272 


(5) 


and  the  phase,  (p,  is  given  by 

tan^=  2^^'^  2 
-  cu2 

Fig.  5  shows  the  amplitude  and  phase  of  the  signal  transmitted  through  a  real  cavity,  similar  to  the  one 
described  in  Section  5.1. 


The  quality  factor 

A  cavity  of  a  given  geometry  can  be  excited  in  a  number  of  different  modes.  Each  mode  has  a  resonant 
frequency  and  a  quality  factor,  Q,  defined  as® 


0  -  2Tr  stored) 

(Energy  lost  per  cycle) 


(7) 


4.3.  The  size-dependent  properties  of  a  cavity 

The  energy  is  stored  in  the  electromagnetic  field,  and  scales  with  the  volume  of  the  cavity.  In  an  empty 
cavity,  the  only  losses  are  due  to  currents  induced  in  the  metallic  walls  by  the  millimetre-wave  field  and 
radiation  from  the  coupling  holes.®  For  a  cavity  with  small  coupling  holes,  the  losses  scale  with  the  surface 
area.  Consequently,  smaller  cavities  tend  to  have  lower  quality  factors. 

For  a  given  geometry  and  mode,  the  resonant  frequency  increases  as  the  cavity  dimensions  decrease.  The 
resonant  frequency  of  the  TMmnp  or  TEmnp  mode  in  a  rectangular  cavity  of  dimensions  o  x  6  x  c  is 


,  i/(ff +  (?)“  +  (!)’ 


(8) 


The  frequencies  of  cylindrical  modes  are  not  so  easily  expressed;  graphs  of  the  resonant  frequencies  against 
cavity  dimensions  are  available  in  many  textbooks  (see,  for  example,  Fig.  8.7  in  Poole®). 
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Figure  5.  A  sweep  of  frequency  across  the  TE012  mode  of  a  cylindrical  cavity,  showing  the  amplitude  (solid 
line)  and  phase  (dashed  line)  of  the  transmitted  wave. 

4.4.  Measuring  the  properties  of  a  sample 

The  millimetre- wave  field  distribution  in  a  resonating  cavity  is  well  known®;  some  regions  experience  an 
oscillating  electric  field,  others  experience  an  oscillating  magnetic  field.  It  is  therefore  possible  to  choose  a 
location  inside  the  cavity  at  which  to  place  a  sample,  dependent  on  what  kind  of  measurement  is  to  be  made. 

Consider  the  selection  rules  governing  two  kinds  of  magnetic  resonance,  electron  spin  resonance  and 
cyclotron  resonance.  In  each  case,  the  particle  energy  levels  are  split  by  application  of  a  steady  magnetic 
field  B,  into  Zeeman  levels  and  Landau  levels  respectively.  Ttansitions  between  Zeeman  levels  are  excited 
by  an  oscillatory  magnetic  field  perpendicular  to  B,  while  transitions  between  Landau  levels  are  excited  by 
an  oscillatory  electric  field  perpendicular  to  B.  A  sample  can  be  positioned  in  different  places  in  the  cavity 
depending  on  whether  a  mecisurement  is  to  be  made  of  its  response  to  oscillatory  magnetic  or  electric  fields. 

A  sample  placed  inside  a  cavity  becomes  part  of  the  resonant  system.  If  the  properties  of  the  sample 
change,  the  properties  of  the  resonator  are  affected.  In  general,  sis  the  properties  of  a  sample  change,  the 
resonant  frequency  changes,  uo  uq  —  Awq.  and  the  the  quality  factor  changes,  Q  -¥  Q  -  AQ. 

For  a  sample  with  a  complex  permittivity  e  =  e'  +  ie"  in  an  electric  field  antinode,  Au>o  oc  Ae'  and 
AQ  oc  Ae".^°  For  a  sample  with  a  complex  susceptibility  X  =  X*  +  *x"  ^  magnetic  field  antinode, 

Awo  oc  Ax'  and  AQ  oc  Ax".^^  In  certain  circumstances,  it  is  possible  to  evaluate  the  quantities  e(uJo)  and 
x(cJo)  by  measuring  Awq  and  AQ  when  the  sample  is  introduced  into  the  cavity.  Klein  and  Donovan^®  have 
evaluated  the  effect  of  an  arbitrary  spheroidal  conducting  sample  on  the  cavity  properties,  using  a  cavity 
perturbation  approach. 

4.5.  The  experiments  performed  in  Oxford 

The  effects  of  interest  to  the  Oxford  group  are,  for  the  most  part,  magnetic-field-induced  changes  in  the 
millimetre-wave  properties  of  materials.  A  sample  is  placed  inside  a  cavity  and  the  cavity’s  properties  are 
measured  as  a  function  of  applied  magnetic  field.  The  sample’s  properties  as  a  function  of  magnetic  field  are 
deduced. 

It  is,  in  principle,  possible  to  lock  the  MVNA  to  the  resonant  frequency  of  a  cavity  (see  Section  2.2). 
In  most  of  the  experiments  described  here,  this  procedure  was  not  possible.  The  problem  arises  from  the 
fact  that  it  is  necessary  to  couple  the  cavity  to  the  millimetre-wave  heads  using  long  lengths  (~  1.5  m) 
of  stainless  steel  waveguide,  along  which  there  is  a  temperature  change  of  about  270  K.  The  appreciable 
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thermal  expansion  coefficient  of  the  stainless  steel  leads  to  a  drift  in  the  phase  of  the  measured  signal  as  the 
temperature  distribution  along  the  waveguides  varies.  Since  the  guided  wavelengths  at  the  frequencies  used 
are  of  the  same  order  as  the  length  change  of  the  waveguides,  this  effect  is  important. 

Our  cavity  measurements  are  carried  out  at  fixed  frequencies,  with  the  frequency  of  the  MVNA  locked 
to  an  EIP575  microwave  counter.  This  technique  is  satisfactory  if  the  changes  in  the  cavity  properties  are 
small  throughout  a  measurement  (i.e.  AQ/Q  <gC  1  or  Awq  is  small  compared  to  the  frequency  width  of  the 
cavity  resonance).  Under  these  conditions,  changes  in  the  amplitude  of  the  millimetre  wave  in  the  cavity  are 
proportional  to  AQ  and  the  change  of  phase  of  the  signal,  A^,  is  proportional  to  Awq-  If  the  changes  are 
not  small,  there  is  mixing  between  the  phase  and  amplitude  signals. 

4.6.  Advantages  and  disadvantages  of  resonant  measurements 

The  millimetre-wave  field  inside  a  resonant  cavity  is  stable  and  well  defined,  offering  an  elegant  solution 
to  the  most  serious  problems  affecting  non-resonant  measurements.  At  the  same  time,  the  sensitivity  of  a 
measurement  can  be  increased  by  a  large  margin  using  a  cavity.  The  sample  is  part  of  a  resonator;  even  small 
changes  in  the  sample’s  properties  can  have  a  large  effect  on  the  behaviour  of  the  resonator. 

The  use  of  cavities  as  an  experimental  tool  is  not  straightforward.  They  need  to  be  carefully  designed  and 
accurately  constructed.  The  frequencies  at  which  measurements  can  be  made  are  limited  to  the  cavity’s  reso¬ 
nant  frequencies,  and  the  effect  of  a  sample  on  the  cavity  mode  must  be  considered.  In  the  following  sections, 
several  cavities,  designed  specifically  for  use  with  the  MVNA  in  solid  state  spectroscopy,  are  described. 

5.  CYLINDRICAL  CAVITIES 

In  the  TEqu  mode  of  a  cylindrical  cavity,  the  oscillatory  magnetic  field  forms  a  torus  around  the  cavity 
axis  with  the  electric  field  looping  it.®  The  azimuthal  mode  number  is  zero;  the  mode  is  azimuthally 
symmetric.  There  is  an  electric  field  antinode  at  (r,  z)  =  (0.48ro,0.5zo)’  There  are  magnetic  field  antinodes 
at  (r,z)  =  (0.48ro,0)  and  (0.48ro,zo)-  There  are  therefore  two  possible  coupling  configurations  for  this 
mode,  with  coupling  holes  either  on  the  endplates  or  in  the  barrel  walls.  If  the  cavity  is  coupled  through  the 
endplates,  it  is  also  possible  to  excite  higher  TEoip  modes. 

5.1.  Tuneable  cylindrical  cavities 

The  study  of  how  the  magneto-optical  properties  of  a  material  vary  with  frequency  is  of  interest  and  can 
be  performed  with  comparative  ease  in  the  transmission  and  reflection  geometries.  However,  in  a  cavity 
meeisurements  can  only  be  made  at  the  discrete  frequencies  at  which  the  cavity  resonates.  To  overcome  this 
problem,  the  the  frequency  at  which  a  particular  mode  resonates  should  be  variable  by  the  experimenter. 

The  fact  that  a  good  electrical  connection  between  the  endplates  and  the  barrel  is  not  required  for  the 
TEoip  modes  in  a  cylindrical  cavity  means  that  it  is  possible  to  replace  one  endplate  with  a  close-fitting 
plunger.  The  dimension  zq  can  be  varied  and  the  resonant  frequency  of  a  particular  mode  can  then  be  tuned 
continuously.  Fig.  6  shows  a  mechanism  designed  to  allow  the  length  of  a  cylindrical  cavity  to  be  varied.  A 
plunger  is  mounted  on  a  screw  that  moves  up  and  down  along  the  cavity  axis  as  it  is  rotated.  The  screw  is 
coupled  by  gears  to  a  vertical  drive  rod,  which  exits  the  cryostat  parallel  to  the  waveguides.  By  rotating  the 
drive  rod,  the  length  of  the  cavity  can  be  changed  in  situ  inside  the  cryostat.  This  means  that  it  is  possible 
to  measure  a  sample  at  a  range  of  frequencies  without  repeatedly  warming  and  cooling  the  system,  which  is 
a  time-consuming  procedure  that  some  samples  do  not  tolerate.  A  further  feature  of  this  design  is  that  the 
barrel  and  plunger  sections  (shaded  in  Fig.  6)  can  be  replaced  with  sections  of  a  different  diameter,  whilst 
retaining  the  tuning  mechanism.  In  this  way,  tuneable  cavities  that  operate  over  different  frequency  ranges 
can  be  made. 

The  first  barrel-plunger  combination  had  a  diameter  of  9  mm.  Its  TEqu  mode  is  tuneable  from  about 
45  GHz  to  70  GHz  when  empty,  with  a  peak  Q  of  7000  at  4.2  K.  Measurements  made  with  this  cavity  are 
described  in  the  next  Section.  A  second  barrel-plunger  combination  was  manufactured  later  with  a  diameter 
of  6.5  mm;  this  cavity  can  be  tuned  from  about  60  GHz  to  80  GHz  with  a  quality  factor  between  7000  and 
10000. 
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Figure  6.  A  schematic  of  the  tuneable  cavity  mechanism,  (a)  vertical  cross  section,  (b)  top  view. 

5.2.  Measurements  of  the  frequency-dependence  of  the  coupled  cyclotron  resonance 
in  GaAs-(Al,GaAs)  hole  systems 

Using  the  tuneable  cavity  system,  we  carried  out  a  detailed  study  of  cyclotron  resonance  in  p-type  GaAs- 
(Al,GaAs)  heterojunctions. The  presence  in  the  samples  of  two  hole  spin  subbands  with  different  effective 
masses  suggests  that  two  cyclotron  resonances  should  be  observed.  In  some  samples,  however,  it  is  found  that 
only  a  single  resonance  is  observed  over  a  wide  range  of  conditions  of  applied  magnetic  field  and  temperature. 
This  single  resonance  is  seen  to  split  into  two  as  the  temperature  and  measurement  frequency  are  varied.  Using 
the  tuneable  cavity  system,  we  were  able  to  measure  the  cyclotron  resonance  lineshapes  with  unprecedented 
accuracy  over  the  temperature  and  magnetic  field  ranges  of  interest.  These  results  stimulated  the  formulation 
of  a  theory  describing  the  interactions  between  the  two  hole  populations;  the  theory  predicts  that  under  certain 
circumstances,  the  cyclotron  motion  of  the  two  populations  becomes  coupled,  resulting  in  the  observation  of 
a  single  resonance.  Fig.  7  shows  an  example  of  the  results  of  our  measurements.  The  amplitude  transmission 
of  the  cavity  is  shown  as  a  function  of  the  applied  magnetic  field,  B.  In  (a)  the  high-field  cyclotron  resonance 
can  be  seen  increasing  in  strength  as  the  measurement  frequency  increases  from  51.7  GHz  to  66.7  GHz.  The 
solid  lines  represent  experimental  data  and  the  dotted  lines  are  fits  to  the  theory,  demonstrating  excellent 
agreement  (the  deviations  from  the  dotted  lines  in  (b)  are  due  to  quantum  oscillations,  periodic  inl/B;  these 
are  only  visible  because  of  the  very  high  sensitivity  of  the  measurement).  Prom  these  data,  we  were  able  to 
extract  the  detailed  parameters  of  the  intersubband  interactions.^^ 

5.3.  Cylindrical  cavities:  a  summary 

Cylindrical  cavities  are  useful  for  measurements  requiring  a  stable  and  well-known  electromagnetic  environ¬ 
ment  around  the  sample.  They  are  easy  to  construct,  have  high  quality  factors  and  can  be  made  to  be 
tuneable.  One  of  the  disadvantages  of  cylindrical  cavities  is  that  their  modes,  even  for  low  mode  numbers, 
are  not  particularly  well  separated  in  frequency  space.  When  a  highly  perturbing  sample  is  placed  inside, 
it  causes  mixing  between  the  cavity  modes.  The  resulting  electromagnetic  environment  is  very  unstable; 
cylindrical  cavities  are  not  suitable  for  measurements  of  such  samples. 
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Figure  7.  Amplitude  transmission  of  the  cylindrical  cavity  as  a  function  of  magnetic  field  and  measurement 
frequency  for  two  p-type  GaAs-Al,GaAs  heterojunctions.  The  temperature  is  500  mK. 

6.  RECTANGULAR  CAVITIES  FOR  MEASUREMENTS  OF  BEDT-TTF  SALTS 

Quasi-two-dimensional  organic  molecular  metals  based  on  the  molecule  BEDT-TTF^^  form  one  class  of 
materials  difficult  to  measure  in  cylindrical  cavities  because  of  their  relatively  high  conductivities.  We  have 
designed  several  systems  based  around  rectangulcir  cavities  specifically  for  measurements  involving  these 
samples. 

6.1.  The  rotating  rectangular  cavity 

The  d.c.  and  low  frequency  properties  of  metallic  salts  based  on  the  organic  molecule  BEDT-TTF  have  been 
studied  extensively.^^  The  salts  form  a  range  of  interesting  groundstates,  including  superconductivity  and 
spin-density  and  charge-density  waves.  Although  they  are  chemically  complex,  their  electronic  structure 
turns  out  to  be  remarkably  simple.  The  availability  of  very  high  quality  single  crystals  means  that  they 
provide  interesting  systems  in  which  to  study  the  fundamental  physics  of  metals. 

The  very  high  conductivity  in  certain  directions  is  the  source  of  difficulty  in  cavity  measurements;  the 
millimetre-wave  field  can  be  strongly  perturbed  in  the  presence  of  a  sample.  There  are  several  measures  that 
can  be  taken  in  these  circumstances.  The  cavity  mode  should  be  carefully  selected  to  be  robust  (i.e.  well 
separated  in  frequency  from  other  modes,  to  avoid  mixing).  The  position  and  orientation  of  the  sample  can 
be  chosen  to  minimise  the  perturbation  of  the  millimetre-wave  field.  A  metallic  sample  with  a  short  skin 
depth  will  almost  completely  expel  the  millimetre-wave  firom  its  bulk;  depending  on  the  shape  of  the  sample, 
this  might  perturb  the  mode  greatly.  In  the  case  of  highly  anisotropic  metals,  it  is  sometimes  possible  to 
align  the  sample  in  the  millimetre- wave  field  such  that  this  eflFect  is  avoided.  The  rectangular  TE102  mode 
provides  a  suitable  environment  from  both  points  of  view;  it  is  well  separated  from  other  modes,  while  at  the 
same  time  it  provids  a  choice  of  locations  for  the  sample  in  the  millimetre-wave  field. 

6.2.  Fermi  surface  traversal  resonance 

As  a  consequence  of  their  reduced  dimensionality,  many  of  the  properties  of  BEDT-TTF  salts  vary  in  inter¬ 
esting  ways  depending  on  the  orientation  of  a  steady  external  magnetic  field.  In  measurements  of  the  high 
frequency  properties,  however,  it  is  important  that  the  millimetre-wave  field  rotates  with  the  sample;  if  the 
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Figure  8.  The  rotating  rectangular  cavity  apparatus,  showing  the  waveguides,  the  cavity  mounted  inside 
the  gear  and  the  worm  drive. 


sample  moves  with  respect  to  the  millimetre- wave  field,  the  nature  of  the  measurement  is  changed.  Thus  the 
cavity  must  rotate  with  the  sample  through  the  external  magnetic  field. 

Fig.  8  shows  a  photograph  of  the  apparatus  with  which  we  can  perform  such  measurements.  Two  waveg¬ 
uides  are  visible;  these  lead  to  the  source  and  detector  heads  outside  the  cryostat.  The  rectangular  cavity  is 
mounted  inside  a  gear  driven  by  a  worm  drive;  the  whole  cavity  can  be  rotated  to  an  arbitrary  angle  from 
outside  the  cryostat.  The  sample  is  placed  in  the  cavity  in  an  antinode  of  the  oscillatory  magnetic  field  H, 
such  that  H  is  parallel  to  the  highly-conducting  quasi-two-dimensional  planes  of  the  sample.  Oscillatory 
circulating  currents  are  induced  in  the  plane  perpendicular  to  H;  hence  they  always  have  a  component  in  the 
low  conductivity  direction  (i.e.  perpendicular  to  the  high-conductivity  planes).  The  skin  depth  in  this  regime 
is  rather  larger  than  the  sample  dimensions  and  the  millimetre-wave  field  penetrates  the  sample  completely.^® 
The  currents  induced  in  the  sample  dissipate  power  from  the  cavity’s  millimetre-wave  field,  and  for  small 
changes,  the  change  in  the  cavity’s  quality  factor  is  proportional  to  the  change  in  the  sample’s  conductivity. 
The  cavity  system  therefore  allows  a  particular  component  of  the  sample’s  bulk  conductivity  to  be  measured 
at  GHz  frequencies.^® 

Using  equipment  similar  to  this,  Ardavan  et  al.  measured  a  new  effect,  Fermi  surface  traversal  resonance 
(FTR),^®  arising  from  the  periodic  motion  of  carriers  across  the  open  sections  of  Fermi  surface  commonly 
found  in  BEDT-TTF-based  metals.  This  observation  has  lead  to  renewed  interest  in  the  dynamics  of  carriers 
at  the  Fermi  surface  in  magnetic  fields  and  the  development  of  two  distinct  and  complementary  theories  of 
FTR.i® 

6.3.  Superconducting  order  parameter  in  k-(BEDT-TTF)2Cu(NCS)2 

In  the  previous  Section,  we  described  a  system  allowing  us  to  measure  a  particular  conductivity  component  as 
the  steady  magnetic  field  orientation  is  varied.  The  rectangular  geometry  also  allows  us  to  measure  different 
conductivity  components,  by  rotating  the  sample  with  respect  to  the  millimetre-wave  field  inside  the  cavity 
(i.e.  by  rotating  the  sample  within  the  cavity).  We  have  designed  a  system  in  which  the  sample  is  placed  on  a 
quartz  rod  inside  the  cavity,  such  that  it  is  positioned  in  the  H-field  antinode,  as  in  the  measurement  of  FTR. 
The  rod  can  be  rotated  from  outside  the  cryostat,  such  that  the  plane  of  the  sample  remains  perpendicular  to 
the  steady  magnetic  field.  Thus  the  orientation  of  H  within  the  highly-conducting  planes  can  be  varied.  In 
such  an  arrangement,  the  induced  circulating  currents  always  have  the  same  interplane  component;  however, 
the  direction  of  the  inplane  component  of  the  induced  current  can  be  changed  by  rotating  the  sample.  In 
this  way,  variations  of  the  inplane  properties  as  a  function  of  azimuthal  angle  can  be  studied.^® 

We  have  used  this  kind  of  measurement  geometry  to  measure  the  anisotropy  of  the  superconducting  order 
parameter  in  the  superconductor  /c-(BEDT-TTF)2Cu{NCS)2.  Fig.  9(a)  shows  the  transmission  of  the  cavity 
as  a  function  of  magnetic  field  for  a  range  of  sample  orientations.  The  dip  in  transmission  (corresponding  to  a 
peak  in  the  absorption  in  the  sample)  is  associated  with  the  superconducting  transition;  its  position  and  size 
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Figure  9.  (a)  Cavity  transmission  versus  applied  magnetic  field  for  a  range  of  sample  orientations,  (j).  The 
temperature  is  1.4  K  and  the  measurement  frequency  is  70  GHz.  (b)  The  normalized  amplitude  of  the  dip 
associated  with  the  superconducting  transition  as  a  function  of  the  sample  orientation. 

are  angle  dependent.  Fig.  9(b)  is  a  polar  plot  of  the  normalised  dip  amplitude.  The  X-shaped  dependence 
of  this  parameter  reflects  the  underlying  symmetry  of  the  order  parameter,  which  is  in  turn  thought  to  be 
defined  by  the  form  of  the  Fermi  surface.^’’  The  plot  in  Fig.  9(b)  bears  a  striking  resemblence  to  recent 
theoretical  predictions  of  the  order  parameter  by  Schmalian.^’^  This  experiment  is  described  in  more  detail 
by  Schrama  et  al.}^ 

6.4.  Extremely  low  temperatures 

The  experiments  described  so  far  in  this  paper  have  been  performed  to  temperatures  as  low  as  500  mK 
using  3 He  cryostats.  We  can  extend  this  limit  to  about  100  mK  using  a  small  dilution  refrigerator  that  we 
have  modified  to  accept  waveguides.  The  cooling  power  of  the  dilution  refrigerator  becomes  small  at  such 
low  temperatures,  and  so  it  is  necessary  to  minimise  all  heat  leaks.  The  waveguides  must  be  broken  and 
thermally  anchored  at  the  4.2  K  stage,  without  allowing  coupling  between  the  source  and  detection  sides. 
This  equipment  has  been  used  to  measure  spin  resonance  in  the  quasi-one-dimensional  antiferromagnet, 
CS2CUC14.^®'^° 

New  cavities  that  we  are  currently  developing  to  work  at  sub-100  mK  temperatures  and  over  the  whole 
millimetre-wave  frequency  range  will  raise  the  possibility  of  exploring  exciting  new  physical  effects  that  are 
only  accessible  at  extremes  of  magnetic  field  and  temperature. 

7.  CURRENT  DEVELOPMENTS 

We  have  described  the  techniques  that  are  already  established  and  used  regularly  by  the  Oxford  group.  The 
development  of  new  techniques  is  continuing  and  there  are  several  projects  currently  in  progress  which  will 
extend  the  capabilities  of  the  system  still  further. 

7.1.  Very- far-infrared  measurements 

A  recent  addition  to  the  MVNA  system  has  been  a  pair  of  Gunn  diode  local  oscillators.  At  very  high 
harmonics,  the  power  generated  by  the  Schottky  diode  heads  becomes  small,  with  a  corresponding  loss  of 


signal.  In  place  of  the  Schottky  diodes,  Gunn  diodes  can  be  used  with  harmonic  generators,  oscillating  at  a 
fundamental  frequency  tuneable  over  a  small  range  around  100  GHz.  With  this  system,  measurements  can  be 
made  at  frequencies  of  up  to  800  GHz.  Waveguides  and  cavities  become  impractically  small  when  designed 
for  use  at  such  high  frequencies;  quasi-optical  techniques  are  in  development. 

7.2.  Dielectric  systems 

The  obvious  way  of  confining  and  guiding  radiation  is  to  use  metallic  cavities  and  waveguides.  In  the 
millimetre- wave  region,  however,  it  is  possible  to  make  waveguides  and  resonators  out  of  purely  dielectric 
materials.  The  advantage  of  dielectric  systems  is  that  they  can  be  used  in  pulsed  magnetic  fields,  where  the 
rate  of  change  of  the  external  field  would  cause  excessive  heating  and  mechanical  forces  in  equivalent  metallic 
components.  Apparatus  is  being  developed  for  use  in  explosive  driven  flux  compression  magnets,  which  can 
generate  peak  flelds  of  1000  Tesla.^^  A  metallic  system  would  be  entirely  unusable  in  these  magnets,  where 
the  rate  of  change  of  magnetic  field  exceeds  10®  Tesla  per  second. 
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ABSTRACT 

A  new  technique  is  presented  enabling  the  combination  of  highly  transparent  superconducting  weak  hnks  with 
mesoscopic  devices.  These  can  serve  as  on-chip  millimeter  wave  sources  working  at  frequencies  in  the  range  of 
10  — 100  GHz  suitable  for  photon-assisted  transport  experiments.  We  use  a  modified  AFM  tip  to  plough  grooves  into 
superconducting  material,  thus  defining  Josephson  junctions.  The  weak  links  are  easily  integrated  within  mesoscopic 
structures  such  as  quantum  point  contacts  or  quantum  dots  with  high  accuracy  in  alignment.  In  combination  with  a 
quantum  point  contact  we  observe  a  bolometric  photoconductance  signal.  Embedding  these  versatile  millimeter  wave 
sources  in  single  and  multiple  quantum  dot  structures  enables  us  to  investigate  photon-assisted  transport  phenomena 
and  their  modifications  due  to  near-field  effects. 

Keywords:  Mesoscopic  systems,  Josephson  junctions,  photon-assisted  tunneling 

1.  INTRODUCTION 

At  low  temperatures  the  transport  properties  of  small  electron  islands  are  dominated  by  the  so-called  Coulomb 
blockade  (CB)  phenomenon  which  is  due  to  the  mutual  electrostatic  repulsion  of  the  electrons.  In  the  Coulomb 
blockade  regime,  the  energy  needed  to  add  additional  electrons  to  the  island  exceeds  the  thermal  energy  by  several 
orders  of  magnitude.  However,  by  carefully  changing  the  energy  of  the  island  using  gate  electrodes  it  is  possible 
to  add  electrons  to  the  system  one  by  one.  In  semiconductors  such  islands  can  be  defined  electrostatically  within 
the  two-dimensional  electron  gas  (2DEG)  of  a  GaAs/AlGaAs  heterostructure.  Due  to  the  large  Fermi  wavelength 
of  electrons  in  a  2DEG,  the  classical  Coulomb  blockade  is  modified  by  quantum  mechanical  effects.  For  this  reason 
these  “quantum  dots”  are  often  also  termed  “artificial  atoms” .  Just  like  for  real  atoms  the  energy  level  structure  of 
quantum  dots  can  be  analyzed  using  several  spectroscopic  techniques.  Furthermore,  finking  quantum  dots  together 
can  lead  to  the  formation  of  “artificial  molecules”.  Beside  these  fundamental  investigations,  quantum  dots  can  also 
be  regarded  as  ultimate  electronic  devices.  They  are  discussed  as  single  electron  transistors,  electrometers  or  even 
as  the  basis  of  a  future  solid  state  quantum  computer. 

Whereas  many  experiments  on  the  DC  transport  properties  of  quantum  dots  have  been  performed  in  the  last 
decade,^  only  few  experiments  have  dealt  with  high  frequency  (HF)  spectroscopy  of  these  systems.  This  partly  is 
due  to  the  fact  that  HF  experiments  on  quantum  dots  are  extremely  challenging.  Low-temperature  techniques  have 
to  be  married  with  microwave  technology.  We  therefore  employ  a  new  technique  -  “nano-ploughing”^  -  to  define  a 
superconducting  weak  fink  close  to  quantum  dot  systems.  Driven  in  the  AC  Josephson  regime  the  weak  fink  irradiates 
millimeter  waves  with  a  voltage-tunable  frequency.  Positioning  the  HF  source  in  close  proximity  to  the  quantum  dot 
has  the  great  advantage  that  one  does  not  have  to  feed  externally  generated  microwaves  into  the  cryostat  in  which  the 
experiment  is  performed.  Additionally,  near-field  effects  may  lead  to  new  phenomena  not  observable  in  conventional 
experimental  setups.  Whereas  the  emphasis  of  our  work  lies  on  PAT  through  quantum  dots,  nano-ploughed  weak 
finks  can  serve  as  on-chip  millimeter  wave  sources  for  any  other  mesoscopic  structure  as  well. 


2.  FABRICATION  OF  NANO-PLOUGHED  JOSEPHSON  JUNCTIONS 

The  definition  of  an  on-chip  radiation  source  is  achieved  by  utilizing  the  nano-ploughing  technique.  To  form  a  nano¬ 
plough,  an  ordinary  AFM  tip  is  modified  by  electron  beam  deposition  (EBD)  (Fig.  1).  In  the  EBD  process,  high 
dense  carbon  can  be  grown  on  top  of  a  common  Si  tip  by  focusing  the  beam  of  a  scanning  electron  microscope  at 
the  appropriate  position.®  The  resulting  EBD  tips  are  non-brittle  and  have  a  hardness  comparable  to  diamond.^’® 
Furthermore,  they  can  be  grown  up  to  500  nm  long  and  50  nm  wide  enabling  us  to  scratch  50  nm  wide  trenches  into 
metal  films  of  several  hundred  nanometers  thickness.® 


Figure  1.  A  nano-plough  is  an  ordinary  AFM  tip  modified  by  electron  beam  deposition.  On  the  left  an  SEM 
micrograph  of  such  a  tip  is  shown,  a  schematic  can  be  seen  on  the  right.  The  EBD  tip  is  deposited  in  a  slight  angle 
with  respect  to  the  AFM  tip  in  order  to  achieve  a  good  ploughing  performance. 

For  the  fabrication  of  Josephson  junctions  we  use  thin  Aluminum  films.  Bulk  Aliuninum  becomes  superconducting 
below  sa  1.2  K  and  can  be  easily  patterned  and  deposited  on  semiconductor  substrates  using  standard  lithographic 
techniques.  Structuring  with  a  nano-plough  is  possible  with  great  accuracy  in  alignment  and  shape  of  the  ploughed 
trench.  An  example  for  a  scratched  Al-film  can  be  seen  in  Fig.  2. 


Figure  2.  A  nano-ploughed  Josephson  junction  in  an  Aluminum  film.  This  junction  is  of  the  Dayem  bridge  type 
(cf.  Fig.  3).  The  bridge  has  a  cross-section  of  approximately  200  x  200  nm®. 

In  contrast  to  the  well-known  tunnel-type  Josephson  jimctions  (Fig.  3  (a))  the  junctions  fabricated  with  the 
nano-plough  are  so-called  microbridges  with  a  much  lower  normal  state  resistance  w  0.1  —  1  D.  In  our  work 
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we  mainly  concentrate  on  Dayem  microbridges  (Fig.  3  (b))  and  the  variable  thickness  bridge  (VTB)  (Fig.  3  (c)).^’® 
Although  the  superconducting  condensates  on  both  sides  of  the  junction  axe  not  separated  by  a  tunneling  barrier, 
the  Josephson  effect  is  observable;  This  is  due  to  the  dimensions  of  the  microbridges  (~  100  nm)  which  are  much 
smaller  than  the  superconducting  coherence  length  «  2.9  fim).  The  superconductors  are  only  “weakly  linked”. 

Weak  links  or  microbridges  have  several  advantages  as  compared  to  tunnel  junctions,  especially  for  their  use  as 
microwave  sources®:  the  low  value  of  i?„  leads  to  a  higher  critical  current  (jc  «  10®  A/cm®)  and  therefore  to  a 
larger  output  power  in  the  AC  Josephson  regime.  Furthermore,  the  small  intrinsic  capacitance  of  microbridges  do 
not  shunt  the  junction  at  higher  frequencies  as  is  the  case  for  tunnel  junctions.  A  detailed  analysis  of  the  different 
nano-ploughed  weak  link  types  has  been  given  in  Refs.  2,6. 


(a)  (b)  (c) 


Figure  3.  Different  types  of  Josephson  junctions:  (a)  A  tunnel  junction  where  two  regions  of  superconducting 
material  are  separated  by  an  insulating  barrier,  usually  an  oxide.  The  other  two  junctions  are  of  the  microbridge 
type:  (b)  A  Dayem  bridge,  where  the  two  superconducting  regions  axe  connected  via  a  constriction,  and  (c)  a 
vaxaiable  thickness  bridge  (VTB)  in  which  the  film  thickness  of  the  superconductor  is  varied.  In  both  cases  the 
resulting  constrictions  axe  smaller  than  the  superconducting  coherence  length. 

3.  NANO-PLOUGHED  WEAK  LINKS  IN  THE  AC  JOSEPHSON  REGIME 

According  to  the  famous  Josephson  relation,®  application  of  a  finite  voltage  V  over  a  weak  link  leads  to  an  AC  current 
with  frequency  /  =  2eV/h,  i.  e.  approximately  500  MHz/^V.  Therefore,  these  structures  should  serve  as  perfectly 
tunable  on-chip  millimeter  wave  sources  which  axe  used  for  photon-assisted  transport  experiments  through  quantum 
dot  systems.  T3rpical  energies  for  such  systems  are  on  the  order  of  100  nW  (excitation  energies)  up  to  several  meV 
(CB  charging  energies)  which  correspond  to  frequencies  in  the  GHz  regime. 


Figure  4.  The  IV-curve  of  a  nano-ploughed  Josephson  junction  with  and  without  external  HF  irradiation.  The 
rV-curve  is  strongly  modified  under  the  influence  of  microwaves.  The  step-like  features  indicated  by  the  arrows 
appear  at  voltages  separated  by  /i//2e.  This  identifies  them  as  Shapiro  steps. 

We  have  performed  several  tests  to  check  the  HF  properties  of  om:  nano-ploughed  microbridges.  All  experiments 
have  been  done  in  a  ®He/^He  dilution  refrigerator  with  a  base  temperature  of  T  =  25  mK.  In  Fig.  4  the  influence 


of  external  microwave  irradiation  on  the  IV-curve  of  a  nano-ploughed  microbridge  is  displayed.  The  external  HF 
radiation  of  /  =  18  GHz  is  generated  with  an  HP  87311A  microwave  source  and  transduced  on  the  sample  using 
an  antenna.  Without  HF  irradiation  we  obtain  the  usual  Josephson  IV-curve.  Under  the  influence  of  the  HF  field 
instead,  step-like  features  appear,  resembling  Shapiro  steps.^®’^^  These  steps  are  separated  by  hf/2e  and  can  be 
attributed  to  photon  assisted  transport  of  Cooper  pairs  through  the  junction.  This  clearly  indicates  that  the  jimction 
is  indeed  in  the  AC  Josephson  regime. 

A  more  direct  test  of  the  irradiation  capabilities  of  a  nano-ploughed  weak  link  is  shown  in  Fig.  5.  For  this  measure¬ 
ment,  a  quantum  point  contact  (QPC)  is  defined  electrostatically  in  the  2DEG  of  a  GaAs/AlGaAs  heterostructure 
using  the  common  split-gate  technique.  Application  of  negative  voltages  to  the  gates  leads  to  the  formation  of 
a  ballistic  one-dimensional  channel  which  shows  the  familiar  quantized  conductance  steps. In  Fig.  5  the  last 
conductance  step  is  shown  with  and  without  a  voltage  applied  over  a  nano-ploughed  superconducting  microbridge 
defined  on  the  surface  of  the  heterostructure.  The  difference  signal  is  also  displayed.  It  cam  be  understood  as  the 
bolometric  response  of  the  QPC  to  microwave  irradiation  which  causes  an  asymmetric  heating  of  the  2DEG  on  both 
sides  of  the  contact. 


Figure  5.  Last  conductance  step  of  a  quaintum  point  contact  with  (dotted  line)  and  without  (solid  line)  Josephson 
radiation  emitted  by  a  nano-ploughed  weak  link.  Both  curves  refer  to  the  left  axis.  Also  shown  is  the  difference 
signal  (reference  to  right  axis)  which  is  a  typical  bolometric  photoconductance  signal  of  a  microwave-irradiated  QPC. 


4.  PHOTON-ASSISTED  TRANSPORT  THROUGH  MULTIPLE  QUANTUM  DOTS 

Under  the  influence  of  microwave  irradiation,  photon-sidebands  emerge  in  the  conductance  oscillations  of  a  quantum 
dot  in  the  CB  regime.  Conventionally,  the  resonance  condition  for  transport  through  a  quantum  dot  system  is 
the  alignment  of  the  discrete  chemical  potential  of  the  quantum  dot  with  the  Fermi  levels  of  the  connecting  leads. 
Absorption  or  emission  of  photons  can  also  lead  to  non-resonant  transport  processes  which  occur  at  energies  shifted 
by  an  integer  multiple  of  the  photon  energy  nflu.  In  a  multiple  quantum  dot  system,  additional  resonance  conditions 
have  to  be  fulfilled  between  the  individual  quantum  dots. 

Applying  microwave  radiation  to  such  a  multiple  quantum  dot  can  lead  to  most  interesting  new  transport  phenom¬ 
ena.  In  Fig.  6  (a)  a  photon-assisted  transport  process  through  a  double  quantum  dot  is  shown.  Without  microwaves, 
transport  through  the  system  is  blocked.  However,  application  of  HF  radiation  can  induce  an  electronic  interdot 
transition  in  which  an  electron  is  transferred  from  the  left  to  the  right  dot.  When  this  electron  tunnels  into  the  right 
reservoir,  the  double  dot  is  refilled  from  the  left  reservoir.  The  net  result  is  a  photon-induced  current. 
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Figure  6.  Photon-induced  transport  processes  in  a  double  quantum  dot:  (a)  Photon-assisted  tunneling  through  the 
double  dot  in  the  weah  couphng  limit,  (b)  Rabi  oscillations  due  to  interaction  of  an  electron  in  a  quasi-molecular 
state  with  the  high-frequency  radiation.  In  the  strong  coupling  regime  the  energy  levels  of  the  quantum  dot  system 
are  tunnel-split  by  the  tunnel-coupling  T. 

If  the  two  quantum  dots  are  coupled  more  strongly  (Fig.  6  (b)),  an  artificial  molecule  can  be  formed.  Two 
formerly  aligned  individual  quantum  dot  energy  levels  split  up  into  a  “bonding”  and  an  “anti-bonding”  molecular 
state.  Interaction  of  an  electron  occupying  such  a  state  with  microwave  radiation  can  lead  to  the  formation  of  Rabi 
oscillations.  In  resonance  with  the  microwaves,  the  electron  of  the  artificial  molecule  then  switches  between  the 
two  tunnel-split  states.  This  effect  may  be  exploited  to  gain  information  about  the  electronic  wave  function  in  the 
system.^®  An  example  for  a  typical  structure  we  use  is  shown  in  Fig.  7.  A  Josephson  junction  can  be  defined  close 
to  a  triple  quantum  dot  structure  utilizing  the  nano-ploughing  technique. 


Figure  7.  AFM-picture  of  a  triple  quantum  dot  structure  made  of  Aluminum  gates  (left)  prior  to  the  ploughing 
step.  After  nano-ploughing  the  electrode  on  the  right  (position  indicated  by  a  circle,  it  can  serve  as  an  on-chip 
milhmeter  source. 

Besides  the  great  versatility  of  the  on-chip  radiation  sources  we  expect  a  modification  of  the  HP  transport 
experiments  due  to  near-field  effects.  As  is  well  known  from  far-infrared  spectroscopy  of  low-dimensional  electron 
systems,  radiation  usually  only  couples  to  the  collective  center  of  mass  modes  of  the  electrons.  This  is  the  statement  of 
the  generalized  Kohn  theorem.  However,  this  is  only  valid  when  the  radiation  is  treated  in  a  far-field  approximation. 
Adopting  a  “local”  picture  of  photon-assisted  transport  (Fig.  8)  one  could  well  imagine  to  circumvent  Kohn’s  theorem 
and  obtain  spectral  information  on  quantum  dots  not  attainable  in  ordinary  setups. 
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Figure  8.  Principle  of  Josephson  radiation-induced  transport:  Cooper  pairs  tunneling  through  the  Josephson 
junction  emit  photons.  Electrons  in  the  2DEG  50  -  100  nm  below  the  surface  absorb  these  photons  and  can  thus 
tunnel  through  the  tunneling  barrier. 


5.  CONCLUSION 

We  have  presented  a  new  technique  -  “nano-ploughing”  -  to  define  superconducting  weak  hnks  in  close  proximity 
to  mesoscopic  semidconductor  structures.  In  the  AC  Josephson  regime  the  weak  links  can  be  used  as  on-chip 
millimeter  wave  sources.  With  these  sources,  high-frequency  spectroscopy  of  mesoscopic  systems  can  be  performed. 
A  modification  of  photon-induced  transport  phenomena  due  to  near-field  effects  is  expected. 
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ABSTRACT 

In  the  beginning  of  this  article  we  briefly  outline  the  working  principle  of  terahertz  imaging.  This  relatively  new  technique 
is  based  on  THz  time-domain  spectroscopy  and  has  the  potential  to  lead  to  the  first  portable  far-infrared  imaging 
spectrometer.  For  such  a  spectrometer  many  applications  can  be  foreseen  in  the  fields  of  biology,  medicine,  chemistry  and 
material  science.  Here  we  present  two  biological  applications.  First  we  show  that  THz-imaging  is  an  ideal  tool  for 
dendrochronology  as  it  allows  us  to  obtain  density  profiles  of  wood  specimen.  Secondly,  we  monitor  water  take  up  in  plants 
after  plant  water  stress. 


Keywords:  THz  spectroscopy,  dedrochronology,  plant  water  stress. 


1.  INTRODUCTION 

Today  innumerable  modern  imaging  techniques  provide  a  great  wealth  of  information  for  biological,  medical  and  material 
science  applications.  While  some  of  theses  techniques  are  more  or  less  mechanical,  including  those  which  belong  to  the 
field  of  scanning  probe  microscopy,  most  imaging  techniques  use  electromagnetic  radiation  in  the  visible  and  near-infrared 
region  of  the  spectrum  to  obtain  spatially-resolved  information  on  an  object.  Important  examples  for  these  optical 
techniques  are  confocal  and  laser  scannig  microscopy,  optical  tomography,  thermography  and  infrared  imaging.  Also 
microwaves  are  widely  used  for  imaging  purposes.  They  provide  less  spatial  resolution  which  nevertheless  is  still  sufficient 
for  many  applications.  Typical  examples  include  ground  penetrating  radar  and  synthetic  aperture  radar. 

Until  recently  however  the  far-infrared  region  located  between  the  infrared  and  the  microwave  region  of  the  electromagnetic 
spectrum  was  not  accessible  to  imaging.  This  spectral  gap  ranging  form  0. 1  to  about  10  terahertz  (THz)  was  closed  only 
recently  by  THz  time-domain  spectroscopy  This  young  technique  makes  use  of  the  ease  with  which  ultrashort  optical 
pulses  can  nowadays  be  obtained.  The  optical  pulses  can  “drive”  little  photoconductive  dipole  antennas  much  faster  than 
this  would  be  possible  with  the  fastest  electronic  ac-devices  available  to  date.  The  impulsive  laser  excitation  results  in  the 
emission  of  few-cycle  THz  bursts  with  a  typical  bandwidth  of  several  terahertz.  These  THz  pulses  can  be  detected  with  a 
second  antenna  of  similar  design  which  again  is  gated  by  ultrashort  laser  pulses. 

Nuss  and  coworkers  were  the  first  to  further  develop  this  emitter-receiver  scheme  to  a  stage  were  2-dimensional  images  of 
objects  a  few  centimeters  in  diameter  could  be  taken  Since  this  first  demonstration  in  1995  even  new  dimensions  such  as 
THz  tomography  and  THz  near-field  imaging  have  been  explored 

In  the  beginning  of  this  article  we  briefly  recollect  the  working  principle  of  a  THz  imaging  setup  Subsequently  some 
examples  for  THz  imaging  on  biological  objects  are  given:  namely  density  mapping  of  wood  and  water  take  up  in  plants. 


2,  PRINCIPLE  OF  THz  IMAGING 

A  typical  THz  imaging  setup  is  shown  in  Fig.  1 .  It  consists  of  two  photoconductive  dipole  antennas  which  are  gated  by  100 
femtosecond  laser  pulses.  The  pulses  are  delivered  by  a  Ti;Al203  laser  with  a  repetition  rate  of  80  MHz.  They  can  be 
delayed  with  respect  to  each  other  by  two  optical  delay  lines.  The  one  on  the  detector  side  is  typically  realized  via  a  stepper 
motor  for  coarse  alignment,  the  other  One  uses  a  fast  shaker  oscillating  at  typical  frequencies  of  10  to  20  Hz.  When  an 
optical  pulse  hits  the  biased  emitter  antenna,  a  short  electrical  pulse  is  triggered.  According  to  Maxwell’s  law  the  emitted 
electromagnetic  field  is  given  by  the  derivative  of  this  current  spike.  If  the  electrical  pulse  rises  fast  enough  the  emitted 
electromagnetic  field  has  strong  components  in  the  THz  region  The  THz  pulse  which  leaves  the  emitter  antenna  is 
precollimated  by  a  silicon  lens  and  then  guided  by  off-axis  parabolic  mirrors  to  form  an  intermediate  focus  through  which 
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Figure  1 ;  Schematic  drawing  of  the  THz  imaging  setup. 
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Figure  2:  a)  Typical  THz  waveform,  b)  Fourier  transform  of  the  waveform  in  a). 
The  dashed  vertical  lines  enclose  the  area  over  which  the  spectral  integration 
is  performed  (0.75  to  1.2  THz  for  the  wood  images  shown  below). 


the  sample  is  scanned  in  a  raster  pattern.  The  transmitted  radiation  is  then  focused  onto  the  receiver  antenna  which  is  made 
of  a  semiconductor  material  with  a  very  short  carrier  lifetime,  i.e.  radiation  damaged  silicon-on-sapphire  or  LT-GaAs.  Like 
the  emitter  antenna  this  detector  antenna  is  gated  by  an  ultrashort  laser  pulse.  In  the  detector  chip  the  excited  carriers  are  not 
accelerated  by  an  external  bias-field  but  jiggle  back  and  forth  in  the  field  of  the  incident  THz  pulse.  During  their  short  ‘  life 
they  contribute  to  a  net  current  which  is  monitored  as  a  function  of  the  time  delay  between  the  two  gating  pulses.  Using  this 
sampling  technique  a  THz  waveform  can  be  obtained. 

A  typical  example  of  a  THz  waveform  is  shown  in  Fig.  2a.  As  can  be  seen  in  part  b)  of  this  figure  its  spectrum  has  useful 
components  up  to  2.5  THz.  With  the  fast  shaker  many  waveforms  can  be  acquired  every  second.  Several  of  these 
waveforms  are  averaged,  subsequently  Fourier-transformed  and  finally  spectrally  integrated  over  a  certain  range  (vertical 
lines  in  Fig.  2b)  This  integration  value  is  translated  into  a  gray  value  to  obtain  a  pixel.  Using  this  scheme  several  pixels 
can  be  acquired  per  second;  a  whole  image  of  100  x  100  pixels  typically  requires  several  minutes.  For  a  more  detailed 
discussion  on  the  THz  imaging  setup  the  reader  should  refer  to  Ref.  4,5,8. 


3.  DENSITY  MAPPING  OF  WOOD 

An  important  parameter  of  wood  is  its  density.  On  a  macroscopic  scale  density  fluctuations  as  well  as  the  overall  density 
define  the  quality  of  a  piece  of  wood.  If  its  quality  is  too  poor  a  piece  might  not  be  used  for  construction.  In  a  sawmill 
planks  and  boards  are  being  sorted  based  on  a  mechanical  test  of  their  flexibility  and  an  x-ray  examination. 

Even  more  interesting  from  a  scientific  point  of  view  are  the  small  scale  density  fluctuations  associated  with  year  rings. 
They  tell  us  a  story  about  climate  changes  and  forest  fires  in  recent  history.  The  investigation  of  year  rings  represents  an 
own  field  of  research  which  is  called  dendrochronology.  It  is  thus  no  wonder  that  over  the  past  50  years  many  techniques 
have  been  developed  to  study  the  density  of  wood  with  sub  year  ring  resolution.  Early  techniques  are  the  hardness  feeler  ,  a 
pin  which  is  pressed  into  wood  with  a  defined  pressure,  and  the  acid-corrosion  method  in  which  the  wood  is  „bumed“  by 
sulfuric  acid  and  subsequently  scrutinized  with  an  optical  microscope.  Later  more  sophisticated  techniques  have  been 
developed,  including  the  investigation  with  X-rays  known  as  radiodensitometry  gravitometric- volumetric  studies  and 
the  sandblasting  method 

In  order  to  test  if  THz  imaging  might  be  an  interesting  alternative  to  these  existing  techniques  we  have  studied  several  wood 
samples  with  a  size  of  14  x  14  x  1.7  mm  cut  from  different  trees.  As  water  heavily  absorbs  at  THz  frequencies  all  samples 
are  pre-dried  in  an  oven  to  remove  surplus  water.  However,  during  the  experiment  in  ambient  air  the  wood  humidity 
amounts  to  12%  in  weight. 
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Figure  4:  THz  images  of  a  piece  of  balsa  (left)  and  a  piece  of  bongossi  (right). 
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Since  the  central  question  is  whether  refractive  index  and  absorption  in  the  THz  range  vary  with  density,  we  first  investigate 
a  piece  of  balsa  wood  which  is  an  extremely  light  and  bongossi  which  is  a  quite  heavy  and  dense  wood.  Balsa  (ochroma 
pyramidale)  is  found  in  the  tropical  parts  of  America.  It  is  of  grey-white  colour  and  its  density  varies  between  0.1  and  0.25 
g/cm^.  Bongossi  (lophira  alata)  is  a  west  african  wood,  which  is  famous  for  its  robustness.  After  being  dried  this  dark 
brown- violett  wood  has  an  average  density  of  1.0  g/cm^.  Both,  balsa  and  bongossi  do  not  show  clearly  visible  year  rings. 

Fig.  4  shows  the  THz  images  of  the  two  wood  samples.  Regions  of  low  transmission  are  plotted  darker.  From  a  comparison 
of  the  two  images  it  is  obvious  that  the  overall  absorption  of  the  dense  bongossi  wood  is  much  higher.  This  is  a  first 
indication  that  the  optical  density  in  the  THz  range  scales  with  wood  density. 

To  test  the  suitability  of  THz  imaging  for  dendrochronology  we  investigate  a  piece  of  beech  wood  (fagus  sylvatica).  This 
wood  shows  pronounced  year  rings  clearly  visible  to  the  naked  eye  and  has  a  mean  density  of  0.72  g/cm^.  As  can  be  seen 
form  the  THz  image  (left  part  of  Fig.  5)  the  year  rings  can  also  be  resolved  at  THz  frequencies  (vertical  structures).  The 
darker  areas  represent  late  wood  which  is  less  transparent  due  to  its  larger  density.  Early  wood  on  the  other  hand  with  its 
large  cell  lumina  is  more  transparent  and  appears  brighter.  In  addition,  rays  can  be  observed  as  horizontal  structures. 
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Figure  5:  Left  part;  THz  image  of  a  piece  of  beech  wood.  Right  part:  Density  profile  (upper  part) 
obtained  with  the  gravitometric-volumetric  method  and  absorption  profile  (lower  part) 
extracted  from  a  defined  area  of  the  THz  image  in  the  left  part  (see  text). 


In  order  to  translate  the  THz  image  of  Fig.  5  into  a  density  map  we  need  to  calibrate  the  transmission  data  to  the  real  wood 
density.  The  latter  is  determined  with  the  gravitometric-volumetric  method,  .i.e.,  the  samples  are  cut  into  slices  of 
approximately  400  pm  thickness  the  density  of  which  is  then  determined  by  measuring  their  volume  and  their  weight. 

The  upper  right  of  Fig.  5  shows  the  density  profile  of  the  area  from  x=6  to  15  mm  and  y=0  to  4.5  nun.  Slices  are  cut  along 
the  y-direction  resulting  in  an  integration  of  the  density  over  y.  Clearly  several  peaks  can  be  observed.  They  correspond  to 
regions  of  late  wood  which  have  been  marked  by  the  little  arrows  in  the  left  part  of  the  figure.  Ignoring  losses  due  to 
reflection  (we  estimate  that  they  are  below  3%)  the  transmission  data  for  the  same  area  have  been  transformed  into  optical 
thickness  ad  according  to  Beer’s  law.  The  optical  density  data  which  are  plotted  in  the  lower  right  of  Fig.  5  are  integrated 
from  y=0  to  4.5  mm  to  be  comparable  to  the  density  data.  A  clear  correlation  between  the  gravitometric-volumetric  data  and 
the  THz  data  can  be  observed.  A  maximum  in  the  density  coincides  with  a  maximum  in  absorption  as  indicated  by  the 
arrows.  The  relation  between  absorption  and  density  is  obtained  by  extracting  a  couple  of  data  points  from  each  plot  and 
plotting  the  values  for  the  density  n  versus  the  corresponding  optical  density  data.  A  linear  fit  of  this  plot  (not  shown  here) 
leads  to  n=0.145  ad  g/cm^.  This  relationship  can  be  used  to  directly  translate  THz  transmission  images  of  beech  into  a 
density  map.  For  our  piece  of  beech  wood  we  determine  density  variations  between  0.4  and  1.4  g/cm^  (see  Ref  15  for  a  color 
reproduction). 
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It  should  be  noted  that  also  the  refractive  index  varies  with  wood  density.  The  average  index  of  refraction  in  the  THz  region 
can  be  estimated  form  the  temporal  delay  of  the  main  THz  spike  that  is  observed  when  a  wood  sample  is  introduced  into  the 
beam  path.  We  find  the  following  refractive  index  for  the  different  specimen:  ochroma  pyramidale  1.08;  lophira  alata  1.49; 
fagus  sylvatica:  1.39  to  1.42. 

In  conlcusion  THz  imaging  might  serve  as  a  useful  alternative  method  to  map  density  profiles  of  wood  with  sub-tree  ring 
resolution.  The  THz  technique  has  advantages  over  other  techniques  as  it  is  nondestructive  and  THz  radiation  does  not 
represent  any  danger  (as  opposed  to  x-rays  used  in  radiodensitometry).  Since  THz  radiation  is  highly  sensitive  to  water  it 
could  be  used  to  reveal  water  depots  in  wood  an  other  biological  specimen;  a  task  which  can  not  be  performed  by 
radiodensitometry  or  the  sandblasting  method.  In  the  next  section  we  make  use  of  this  advantage  and  investigate  the  water 
take  up  in  living  plants. 

4.  WATER  STATUS  OF  PLANTS 

A  quantitative  determination  of  the  water  status  in  living  plants  is  desired  by  plant  breeders  and  plant  physiologists.  Despite 
this  need  there  is  no  noninvasive  method  to  determine  the  water  content  of  a  transpiring  leaf.  As  we  will  see  below  THz 
imaging  might  be  the  ideal  tool  for  this  purpose. 

Plant  water  status  is  not  only  of  economic  importance  but  also  of  great  interest  form  the  viewpoint  of  basic  research;  many 
problems  in  plant  physiology  remain  to  be  solved.  In  particular,  the  mechanisms  responsible  for  water  flow  in  plants  are  not 
fully  understood.  While  it  is  commonly  accepted  that  capillary  forces  alone  can  not  explain  water  transport  up  to  the  top  of 
tall  trees,  the  well  established  cohesion  theory  is  questioned  from  time  to  time.  This  theory  assumes  that  water  is  ‘  sucked 
to  the  top  of  trees  as  a  consequence  of  the  water 
loss  caused  by  the  transpiration  in  the  leaves. 

This  transpiration  which  is  triggered  by  sunlight 
accounts  for  90  %  of  the  total  amount  of  water 
consumed  by  a  plant.  Although  THz 
spectroscopy  on  plants  will  not  allow  us  to 
extract  water  flow  rates  (which  anyway  are 
different  in  different  parts  of  the  plant  and 
depend  on  a  variety  of  parameters)  it  might  give 
some  indications  on  the  validity  of  the  cohesion 
theory.  As  we  will  see  in  the  following,  the  THz 
method  also  allows  us  to  measure  the  “refill 
time”  of  a  leaf  after  the  plant  has  experienced 
plant  water  stress  and  to  make  quantitative 
statements  about  the  total  amount  of  water 
taken  up  by  a  leaf. 

The  species  studied  here  are  vine,  ginkgo  and 
sunflower.  Before  the  experiments  the  plants 
have  not  been  watered  for  a  period  of  about  two 
weeks.  In  order  to  scan  a  living  leaf  through  the 
THz  focus  we  have  developed  a  special  holder 
which  allows  us  to  clamp  it  softly  (Fig.  6). 

Since  the  normal  lab  illumination  is  not  intense 
enough  to  trigger  adequate  transpiration  the  Figure  6:  Schematic  drawing  of  the  special  holder 

plants  are  additionally  illuminated  by  a  special  developed  to  clamp  a  leaf. 

UV-Lamp  during  the  measurements. 

In  inset  in  Fig.  7  shows  the  transmission 

image  of  a  part  of  a  vine  leaf.  The  dark  areas  represent  regions  of  low  transmission.  These  areas  correspond  to  the  veins  in 
the  leaf.  As  they  are  thicker  they  contain  more  water  and  hence  lead  to  higher  absorption.  To  monitor  the  water  take  up  in  a 
leaf  we  do  not  take  a  complete  image  but  restrict  ourselves  to  a  line  scan.  By  increasing  the  number  of  waveforms  averaged 
per  data  point  we  can  further  reduce  experimental  noise.  A  complete  line  scan  thus  takes  approximately  five  minutes  to 
obtain. 

Fig.  7  shows  the  spatially  resolved  transmission  directly  before  watering  and  for  two  different  times  after  watering.  The  data 
are  normalized  by  assuming  that  transmission  through  air  (see  very  left  in  the  inset  of  Fig.  7)  is  100%.  They  are  not 
corrected  for  reflection  losses.  The  two  pronounced  minima  visible  in  Fig.  7  correspond  to  two  of  the  veins.  After  watering 
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the  overall  transmission  drops  as  water  is 
sucked  back  into  the  leaf.  This  can  be 
seen  most  clearly  at  the  positions  of 
these  minima.  It  should  be  noted  that  the 
position  of  the  minima  varies  slightly 
form  scan  to  scan.  This  is  due  to  the  fact 
that  the  a  “living”  leaf  cannot  be  grasped 
too  tightly  in  order  not  to  squeeze  or 
damage  it.  Therefore  small  lateral 
displacements  may  occur  form  scan  to 
scan. 

Fig.  8  shows  the  temporal  evolution  of 
the  transmission  at  the  positions  of  the 
two  veins.  The  transmission  drops  as 
time  goes  by.  For  both  curves  the 
dynamics  can  be  fitted  quite  well  by  an 
exponential  decay  with  a  time  constant 
of  110  minutes.  This  time  constant  can 
be  regarded  as  the  “refill  time”  after 
plant  water  stress.  Such  information  has 
not  been  obtained  with  other  techniques 
such  as  nuclear  magnetic  resonance. 

The  refill  effect  is  also  observed  with 
the  ginkgo  plant  and  the  sunflower, 
although  not  as  pronounced  It  is  not 
observed  when  the  UV  lamp  is  switched 
off  during  the  experiment.  In  this  case 
the  plants  do  not  transpire  enough,  if  at 
all.  This  observation  can  be  interpreted 
as  another  indication  for  the  validity  of 
the  cohesion  theory. 

In  principle  THz  spectroscopy  along 
these  lines  will  allow  us  to  make 
quantitative  statements  about  the  total 
amount  of  water  taken  up  be  a  leaf  after 
plant  water  stress.  Future  investigations 
will  focus  on  this  point 
We  would  like  to  point  out  that  recently 
also  two  other  groups  started  to 
investigate  plant  leaves  with  microwaves 

17.  18 

5.  ACKNOWLEDGEMENTS 

It  is  my  pleasure  to  acknowledge  my 
coworkers  without  whom  this  work 
would  not  have  been  possible.  The  work 
on  wood  was  done  at  Bell  Labs  in 
cooperation  with  S.  Hunsche,  and  M.  C. 
Nuss.  The  work  on  plants  was  done  at 
the  University  of  Munich  in  cooperation 
with  I.  Libon,  M.  Hempel,  S.  Seitz,  N.E. 
Hecker,  J.  Fromm,  and  J.  Feldmann.  The 
Munich  group  thanks  S.  Keiding  and  I. 
Brener  for  THz  antennas. 


— O—  before  watering 
— 60  min  after  watering 
—A— 210  min  after  watering 


20 


40 


25  30  35 

Position  (mm) 

Figure  7:  Spatially  resolved  transmission  for  different  times  after  watering 
the  plant.  Inset:  transmission  image  of  a  part  of  a  vine  leaf. 


Figure  8:  Transmission  through  the  leaf  at  the  positions  of  the  two 
veins  as  a  function  of  time. 
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ABSTRACT 

An  imaging  system  has  been  developed  based  on  pulses  of  Terahertz  (THz)  radiation  generated  and  detected  using  all-optical 
effects  accessed  by  irradiating  semiconductors  with  ultrafast  (fs-ps)  pulses  of  visible  laser  light.  This  techmque,  commonly 
referred  to  as  T-Ray  Imaging  or  THz  Pulse  Imaging  (TPI),  holds  enormous  promise  for  certain  aspects  of  medical  imaging. 
We  have  conducted  an  initial  survey  of  possible  medical  applications  of  TPI  and  demonstrated  that  TPI  unages  show  good 
contrast  between  different  animal  tissue  types  (muscle,  fat,  Iddney,  skin,  cartilage).  Moreover,  the  diagnostic  power  of  TPI 
has  been  elucidated  by  the  spectra  available  at  each  pixel  in  the  image,  which  are  markedly  different  for  the  different  tissue 
types.  This  suggests  that  the  spectral  information  inherent  in  TPI  might  be  used  to  identify  the  type  of  soft  and  hard  tissue  at 
each  pixel  in  an  image  and  provide  other  diagnostic  information  not  afforded  by  conventional  unaging  techmques. 
Preliminary  TPI  studies  of  pork  skin  show  that  3D  tomographic  imaging  of  the  skin  surface  and  thickness  is  possible,  and  data 
from  experiments  on  models  of  the  human  dermis  are  presented  which  demonstrate  that  different  constituents  of  skin  have 
different  refractive  indices.  Lastly,  we  present  the  first  THz  image  of  human  tissue,  namely  an  extracted  tooth.  The  time  of 
flight  of  THz  pulses  through  the  tooth  allows  the  thickness  of  the  enamel  to  be  determined,  and  is  used  to  create  an  image 
showing  the  enamel  and  dentine  regions.  Absorption  of  THz  pulses  in  the  tooth  allows  the  pulp  cavity  region  to  be  identified. 
Initial  evidence  strongly  suggests  that  TPI  may  be  used  to  provide  valuable  diagnostic  uiformation  pertaining  to  the  enamel, 
dentine,  and  the  pulp  cavity. 

Keywords:  THz  imaging,  THz  spectroscopy,  medical  imaging,  tooth,  skin 

1.  TPI  VERSUS  CONVENTIONAL 
MEDICAL  IMAGING 
TECHNOLOGIES 

In  the  thirty  odd  years  since  the  first 
appearance  of  coherent  light,  lasers  have 
become  almost  commonplace.  However, 
there  remains  one  region  of  the 
electromagnetic  spectrum  -  the  so-called 
‘Terahertz  Gap’  -  where  bright,  coherent 
sources  of  radiation  do  not  exist  (Fig.  1). 
Terahertz  (THz)  typically  includes 
frequencies  between  O.lTHz  to  20THz, 
where  lTHz=10'^Hz,  or  in  units  of 
wavelength  X.=3mm  to  15  pm.  Over  the  last 
decade,  advances  in  ultrafast  pulsed  visible 
and  near-infrared  lasers  have  lead  to 
coherent  generation  and  detection  of  sub- 
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Figure  1 .  Medical  Imaging  and  the  Electromagnetic  Spectrum. 
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picosecond,  broadband  (O.OSTHz-lOsTHz)  pulses  using  commercially  available  technology.  Recently,  a  new  imaging 
technique  has  been  developed  based  on  pulses  of  THz  radiation  generated  and  detected  using  photoconductive  or  electro- 
optical  effects  with  visible  pulses  (fs-ps)  from  Ti:Sapphire  lasers.  This  technique  commonly  referred  to  as  T-Ray  Imaging  or 
THz  Pulse  Imaging  (TPI)  holds  enormous  promise  for  a  wide  variety  of  applications.  One  area  of  potentially  great 
significance  is  the  application  of  TPI  to  medical  imaging.  Traditional  techniques  such  as  X-Ray  radiography  and  computed 
tomography  (CT),  magnetic  resonance  imaging  (MRI),  ultrasound,  and  radioisotope  unaging  are  capable  of  penetrating  deep 
into  the  body  and  providing  detailed  images  which  represent  many  years  of  effort  by  the  medical  imaging  commumty.  As 
competition  with  such  accomplishments  would  be  difficult  at  this  early  stage  of  development,  applications  of  TPI  should 
focus  initially  on  specific  areas  where  THz  light  might  have  imaging  and  diagnostic  capabilities  not  afforded  by  the 
conventional  imaging  techniques,  such  as  the  potential  ability  of  TPI  to  distinguish  between  certain  types  of  healthy  and 
abnormal  soft  tissue.  Its  penetration  depth  for  various  tissue  types,  as  well  as  its  ability  to  distinguish  between  different  tissue 
types,  will  therefore  dictate  the  utility  of  THz  in  medical  investigations.  The  ultimate  goal  of  TPI  is  to  provide  high  quality 
images  that  contain  diagnostic  information  not  readily  available  with  other  techmques.  TPI  could  provide  such  information 
for  certain  medical  applications  where  it  might  have  distinct  advantages  over  X-Ray,  MRI,  and  ultrasound  because  of  a)  its 
possible  diagnostic  capabilities  arising  from  the  spectral  information  available  at  each  pixel  in  the  unage,  and  also  due  to  b) 
the  multiplicity  of  contrast  mechanisms  available  in  TPI.  At  each  pixel  in  an  unage,  one  can  plot: 

J.  The  absorption  coefficient  a((o)  over  the  entire  frequency  bandwidth  of  the  THz  pulse:  panchromatic  absorption  image, 

2.  The  absorption  coefficient  a(co)  at  a  fixed  frequency  to  or  over  a  limited  frequency  range  covered  by  the  THz  pulse: 
monochromatic  absorption  image, 

3.  Thickness  of  the  object:  time-of-flight  image,  or 

4.  Refractive  index  n((o)  at  a  fixed  frequency  or  over  the  entire  bandwidth:  refractive  index  image. 

We  illustrate  these  unique  and  powerful  attributes  of  TPI  below  in  a  series  of  examples  relevant  to  medical  unaging. 

2.  DESCRIPTION  OF  TPI 
2.1.  Fundamentals  and  Description  of  Current  System 

A  TPI  system  based  on  difference  frequency  generation  of  THz  pulses  (bandwidth  ~  0.3THz-2.7THz)  and  electro-optic 

detection  via  the  ac  Pockels  effect  has  been  developed  at  the  Cambridge  Research  Laboratory  (CRL)  of  Toshiba  Research 
Europe  Ltd.  (TREL)  (Fig.  2).  Generation  of  THz  pulses  is  based  on  difference  frequency  mixing  arising  from  the  second 

order  susceptibility  of  a  semiconductor  crystal  (here  <110>  ZnTe).  Ultrafast  red  if.  vis  =800nm)  visible  pulses  with  a 

temporal  width  of  ~70fs  have  a  frequency  bandwidth  in  excess  of  lOTHz.  Exciting  a  crystal  having  large  with  such  an 
ultrafast  visible  pulse  produces  a  time-dependent  polarisation  where  the  different  visible  frequencies  beat  against  each  other  to 
create  a  polarisation  P^l  at  the  difference  frequency,  oypHz- 


where  0>rHz~\^is]-^is2\>  and  oothu  (^tsh  (^is2  are  the 
THz  and  visible  frequencies,  respectively.  This  time 
varying  polarisation  emits  a  pulse  of  THz 
electromagnetic  radiation  that  contains  a  broad  range  of 
frequencies  from  dc  up  to  the  bandwidth  of  the  visible 
radiation. 

Conventional  detectors  for  THz  radiation  rely  on  liquid 
helium  cooled  bolometers,  which  measure  only  the 
intensity  of  the  radiation,  have  a  background  limited 
sensitivity,  and  do  not  provide  any  phase  information. 
Using  mechanisms  that  are  similar  to  those  responsible 
for  the  generation  of  broadband  THz  pulses,  it  is  now 
possible  to  directly  and  coherently  measure  the  THz 
electric  field  in  the  time  domain  with  high  sensitivity  at 
room  temperature,  without  any  requirement  for  cooling 
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Figure  2.  TPI  Imaging  Platform.  The  Entire  System  is 
Controlled  by  a  DeskTop  PC.  Further  Explanation  of 
Symbols  in  Text. 
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of  components.  The  technique  being  used  at  TREL-CRL  uses  the  linear  electro-optical  effect  known  as  the  ac  Pockels  effect . 
A  THz  pulse  incident  on  an  electro-optical  medium  (again  <110>  ZnTe)  induces  bireffingenee  that  is  proportional  to  the 
amplitude  of  the  THz  electric  field.  This  birefnngence  is  readily  probed  using  a  visible  (probe)  beam  that  experiences  a 
retardation  on  propagation  through  an  electro-optic  medium  that  is  measured  with  inexpensive  and  commercially  available 
visible  wavelength  components  and  photodetectors.  Due  to  the  instantaneous  response  of  the  electro-optical  material,  electro- 
optical  sampling  (EOS)  in  principle  has  an  extremely  high  bandwidth  with  a  flat  frequency  response,  and  allows  a  direct 
measurement  of  the  amplitude,  phase  and  spatial  distribution  of  the  THz  electric  field. 

The  system  is  shown  schematically  in  Fig.  2.  The  main  components  of  the  system  are  (a)  femtosecond  (fs)-pulsed  visible 
laser,  (b)  THz  generator,  (c)  coupling  optics  for  the  THz  beam,  and  (d)  time-resolved  EOS  measurement  of  the  THz  pulses. 
The  visible  laser  source  is  a  commercial  ultrafast  pulsed  TirSapphire  oscillator  pumped  by  a  diode  laser-driven  cw  solid  state 
laser.  The  Ti:Sapphire  oscillator  is  tunable  over  the  750-890nm  range,  producing  short  pulses  down  to  50fs,  with  a  inaximum 
power  of  ~1  W.  The  visible  beam  is  split  in  to  two  equal  parts  by  a  beam-splitter  (B/S);  one  part  of  the  beam  is  used  for 
generating  the  THz  and  the  other  portion  is  used  for  detection.  The  THz  is  generated  using  difference  firequency  mixing  in  a 
semieonductor  by  focussing  the  visible  beam  to  a  250pm  diameter  spot  using  a  concave  minor  (^250mm,  not  shown  in  Fig. 
2).  We  have  found  that  for  optimum  generation  of  THz  using  differenee  frequency  mixing,  the  semiconductor  is  mounted 

normal  to  the  visible  beam,  with  an  adjustment  for  the  azimuthal  angle  in  order  to  maximise  ^  K  In  this  geometry  the  THz  is 
emitted  in  transmission  through  the  semiconductor  and  the  waist  of  the  visible  beam  determines  the  size  of  the  THz  source. 
The  emitted  THz  diverges  from  this  small  source,  and  is  collimated  by  an^SOmm  off-axis  parabolic  mirror  (OAP). 

For  the  EOS  detection,  a  second  OAP  (/^30mm)  focuses  the  THz  beam  onto  the  EOS  detection  crystal,  which  is  <110>  ZnTe 
for  all  experiments.  <11 0>  ZnTe  has  a  large  electro-optic  coefficient,  thus  giving  a  high  detection  sensitivity,  and  is  also 
transparent  at  "K  vis  =800nm  and  in  the  THz,  thus  permitting  a  long  interaction  length  between  the  THz  and  visible  fields.  The 
retardation  experienced  by  the  visible  pulse  arising  from  the  Pockels  effect  in  <1 10>  ZnTe  is  measured  using  the  combination 
of  a  quarter  wave-plate  (A./4),  a  polarisation-splitting  (Wollaston  (WP))  prism  and  a  balanced  photodetector  assembly.  With 
no  THz  field  present,  the  linearly  polarised  visible  (probe)  beam  passes  through  the  ZnTe  with  a  negligible  change  in  its 
polarisation.  After  passing  through  the  quarter  wave-plate,  the  beam  polarisation  is  transformed  from  linear  to  circular,  and 
then  the  Wollaston  prism  spatially  separates  the  vertical  and  horizontal  components  of  the  polarisation.  For  a  perfectly 
circularly  polarised  beam  the 
components  are  equal  in  intensity. 

The  two  beams  are  detected  using 
a  balanced  photodiode  pair, 
where  the  output  current  is  equal 
to  the  difference  in  the 
photocurrents  from  the  two 
diodes.  In  the  presence  of  a  THz 
signal,  the  change  in  the  ZnTe 
refractive  index  retards  the  probe 
beam,  changing  the  polarisation 
state  from  linear  to  elliptical. 

Thus,  the  intensities  of  the 
vertical  and  horizontal  beams 
following  the  Wollaston  prism  are 
no  longer  equal,  and  a  non-zero 
photocurrent  is  measured.  Due  to 
the  linear  shift  of  the  ZnTe 
refractive  index  with  THz  electric 
field,  the  output  current  is 
proportional  to  the  magnitude  of 
the  THz  eleetric  field.  Negleeting 
propagation  effects  in  the  ZnTe 
and  assuming  a  delta  function-like 
probe  pulse,  the  instantaneous 
response  of  the  Pockels  effect  allows  the  THz  electric  field  to  measured  in  the  time  domain  simply  by  varying  the  arrival  time 
of  the  THz  and  probe  pulses  at  the  ZnTe  detector.  This  is  achieved  using  a  mirror  mounted  on  a  conputer-controlled  delay 


211 


stage;  moving  the  mirror  back  increases  the  probe  path  length,  and  thus  delays  the  arrival  of  the  visible  pulse  at  the  ZnTe, 
allowing  the  THz  pulse  waveform  to  be  measured  at  a  later  time. 

Mounting  the  object  on  the  rear  of  the  generation  crystal,  and  stepping  both  the  object  and  the  generation  crystal  through  the 
visible  generation  beam  performs  imaging.  An  X-Y  translation  stage  (see  Fig.  2)  allows  THz  spectra  to  be  recorded  at  each 
pixel  in  the  image  (see  Fig.  3).  Time  domain  data  is  displayed  on  the  PC  computer  screen,  or  frequency  domain  data  may  be 
examined  at  each  pixel  in  the  image  by  appl5dng  a  fast  Fourier  transform  to  the  time  domain  data.  This  ability  to  provide  the 
THz  spectral  fingerprint  of  the  object  at  each  pixel  in  its  image  is  one  of  the  major  advantages  of  TPI  relative  to  X-Ray,  MRI, 
and  other  conventional  imaging  technologies.  Spatial  resolution  of  200)im  is  common  in  the  TREL  TPI  system  illustrated 
here,  limited  by  diffraction  in  the  far  field.  Better  resolution  may  be  achieved  by  near  field  imaging  of  thin  objects  (several 
hundred  pm  thick  and  located  several  hundred  pm  from  the  generation  crystal);  near  field  unaging  is  not  diffraction  lirmted, 
and  spatial  resolution  is  dictated  largely  by  the  diameter  of  the  visible  beam  in  the  generation  crystal,  which  can  be  made 
50pm  or  less. 


2.2.  TPI  System  Development 

For  imaging  of  larger  objects  or  those  that  are  not  easily  accessible  or  easily  mounted  on  the  generation  crystal,  more 
sophisticated  THz  and/or  visible  optics  may  be  used  to  couple  THz  into  and  out  of  the  object  under  study.  In  this  way,  it  will 
be  possible  to  perform  TPI  on  a  wide  variety  of  objects,  large  and  small,  in  vivo.  In  addition,  the  system  in  Fig.  2  can  be 
made  more  compact  and  durable  in  a  variety  of  ways  using  new  iimovations.  A  significant  part  of  our  current  work  focuses 
on  developing  such  systems  for  the  future.  We  are  also  concerned  with  design  and  fabrication  of  new  semiconductors  for 
much  larger  visible  to  THz  conversion  efficiency,  which  will  produce  higher  THz  power  levels  and  enable  us  to  penetrate 
through  thicker  objects.  Similar  effort  is  being  devoted  to  new  detection  schemes  to  improve  signal-  to-noise  ratios  and  hence 
increase  image  quality  and  acquisition  times. 

3,  CONTRAST  IN  TPI  BETWEEN  DIFFERENT  SOFT  TISSUE  TYPES:  PANCHROMATIC 
ABSORPTION  IMAGING  AND  DIAGNOSTIC  INFORMATION  AT  EACH  PIXEL 

3.1.  Differentiation  Between  Tissue  Types 

As  a  precursor  to  the  examination  of  abnormal  or  diseased  tissue,  we  have  investigated  contrast  in  TPI  between  different  types 
of  normal  tissue.  Initial  2D  panchromatic  (0.3THz-2.7THz)  TPI  images  of  pork  sanqjles  obtained  from  a  local  butcher  and 
containing  a  variety  of  different  tissue  types  -  muscle,  fat,  and  kidney  -  are  shown  in  Fig.  4b,  along  with  the  corresponding 
visible  photograph  of  the  san^jle  in  Fig.  4a.  The  excellent  contrast  seen  between  the  different  types  of  tissue  in  the  TPI 
image,  as  well  as  the  ability  of  the  relatively  low  power  (average  power  ~1 . 1  pW,  peak  energy  ~fi)  THz  pulses  to  pass  teough 
these  different  tissue  types  (typically  2inm  in  thickness)  are  very  encouraging  for  future  medical  applications.  These  images 
were  obtained  by  plotting  the  pe; 
sample.  Fourier  transforming 
the  time  domain  data  leads  to 
the  spectral  plots  of 
transmission  vs.  frequency  such 
as  that  in  Fig.  5b,  which  may  be 
obtained  for  each  pixel  in  the 
image.  Fig.  5b  demonstrates 
that  variations  in  absorption 
(transmission)  occur  across  the 
THz  range  for  each  of  the  tissue 
types  imaged.  Moreover,  the 
spectra  for  different  tissue  types 
are  markedly  different  across 
the  THz  range  probed,  allowdng 
the  tissue  type  to  also  be 
identified  from  the  absorption 
spectra.  Similar  differences  in 
the  THz  spectra  of  thin  chicken 
muscle,  skin,  and  cartilage  have  also  been  measured  (Fig.  6).  This  work  suggests  that  different  soft  tissue  types  may  have 
characteristic  spectral  fingerprints  in  the  THz  range.  Besides  the  diagnostic  information  that  may  be  contained  in  these 
spectra,  the  differences  in  absorption  at  a  given  THz  frequency  yield  monochromatic  images  at  different  frequencies  that 


THz  electric  field  of  the  transmitted  pulse  (Fig.  5a)  as  a  hmction  ol  A-Y  position  on 


(a)  Visible  Image  (b)  THz  Image 


Figure  4.  Visible  (a)  and  THz  (b)  Images  of  Different  Soft  Tissue  Types  in  Pork 
Sample. 
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allow  the  operator  to  optimise  the  contrast  between  different  soft  tissue  types.  However,  this  preliminary  work  should  be 
qualified  by  the  fact  that  the  samples  were  partially  dry  due  to  the  nature  of  these  initial  measurements.  The  ability  to 
distinguish  between  different  types  soft  tissue  types,  suggested  by  the  data  above,  may  lead  after  further  development  work  to 
the  use  of  TPI  in  certain  medical  applications  where  the  imaging  of  abnormal  or  diseased  tissue  is  not  adequate  using  X-Rays 
or  financially  feasible  using  MRI. 


Figure  5.  (a)  Time  Domain  Data  Used  to  Produce  Panchromatic  Image  of  Soft  Tissues,  and  (b)  THz 
Spectral  Fingerprints  of  Different  Soft  Tissues  for  Thin  Pork  Sample. 


Frequency  /  THz 


Figure  6.  THz  Spectral  Fingerprints 
of  Different  Tissues  for  Chicken 
Sample. 


3.2.  Preliminary  Studies  of  Model  Dermis  Systems 
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Current  work  is  addressing  the  issue  of  differentiation  between  various  types  of  fully  moisturized  tissue.  Preliminary  work 
(Fig.  7)  on  model  dermis  systems  stored  in  bovine  calf  serum  and  recorded  several  hours  after  removal  from  an  incubator 
suggests  that  THz  radiation  readily  penetrates  such  samples  with  0.5-1. 5mm  thickness,  despite  the  low  average  power  levels 
used  (IpW).  Moreover,  excellent  reproducibility  is  observed  between  two  nominally  identical  dermis  samples  (Fig.  7).  In 
addition,  the  refractive  indices  of  various  tissue  types  and  substances  can  be  reconstructed  from  the  time  delay  of  the  pulse  as 
it  travels  more  slowly  through  the  tissue  relative  to  air  (Fig.  8).  Preliminary  work  (Fig.  8)  suggests  that  the  refractive  indices 
of  the  serum  (~3.9),  dermis  with  serum  (1.4),  and  water  (—2.2)  all  differ  in  the  0.3THz-2.7THz  range.  It  should  therefore  be 
possible  to  determine  a  tissue  type  not  only  from  its  absorption  of  THz  light,  but  additionally  from  its  refractive  index  n(a)) 
which  can  also  be  extracted  from  TPI.  Besides  this  useful  diagnostic  mformation,  variation  in  n(co)  between  different  tissue 
types  is  also  the  basis  of  yet  another  image  contrast  mechanism  in  TPI  (see  Eq.  (2)  below). 
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Figure  7.  THz  Transmission  Through 
Different  Thickness  Model  Human  Dermis. 


Optical  Delay  /ps 


Optical  Delay  /  ps 


Figure  8.  THz  Transmission  through  Skin 
Constituents  Including  Serum,  and  Model 
Dermis  in  Serum,  n  is  the  Index  of  Refraction, 
Which  is  Different  for  the  Different  Materials. 
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4.  3D  MAPPING  OF  SKIN  THICKNESS  USING  TPI:  TIME-OF-FLIGHT  IMAGING 
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Figure  9.  3D  Tomographic  TPI  Image  of  Variations  in  Skin  Thickness  Across  a  Pork  Skin  Sample. 


Another  set  of  contrast  mechanisms  available  in  TPI  which  further  distinguishes  it  from  some  of  the  conventional  miaging 
technologies  is  the  ability  to  accurately  determine  (to  within  <10fs)  the  time  of  flight  of  the  THz  pulse  through  an  object.  The 
time  of  flight  or  delay  of  a  THz  pulse  through  an  object  of  thiclaiess  d  and  refractive  index  n,  relative  to  a  reference  pulse 
travelling  through  air,  is  given  by 


Delay  =  d(n-l)  /  c.  (2) 

Hence,  by  measuring  the  delay  of  the  THz  pulse  passing  through  an  object  at  speed  c/n  relative  to  a  reference  pulse  traveling 
at  the  speed  of  light  in  free  space  c,  the  thickness  d  can  be  determined  to  an  accxuracy  of  typically  ±lpm.  By  plotting  the 
thickness  determined  from  Eq.  (2)  at  each  X-Y  pixel,  a  3D  tomographic  image  of  the  object  thickness  can  be  easily 
constructed.  Fig.  9  shows  such  an  image  of  a  lOmmxdmm  area  dried  pork  skin  sample  that  varied  in  thickness  from 
approximately  1mm  at  one  end  to  <0.5mm  at  the  other  end.  In  Fig.  9,  the  sample  is  depicted  schematically  along  with  the  3D 
TPI  transmission  image,  which  faithfully  reconstracts  the  thickness  variation  in  the  X-Y  plane.  Moreover,  the  thickness 
variations  seen  in  the  image  were  reproducible,  corresponding  to  changes  in  thickness  on  the  order  of  100-200pm  on  a  length 
scale  of  500pm  to  1mm  in  the  X-Y  plane.  These  reproducible  variations  may  be  due  to  hair  follicles,  but  further  study  of  the 
skin  roughness  on  both  faces  of  the  sample  is  required  for  confirmation.  Similar  variations  in  thickness  could  be  recorded 
using  reflection  techniques,  which  suggests  that  TPI  may  prove  useful  in  the  imaging  of  various  skin  conditions  and  bum 
diagnostics,  as  well  as  serve  as  a  means  of  substantiating  claims  for  cosmetic  treatments  of  skin. 
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5.  TPI  OF  HUMAN  TISSUE:  AN  EXTRACTED  TOOTH 


The  obvious,  ultimate  goal  of  any  medical  application  of  TPI  is  to  serve  as  an  unaging  and  diagnostic  tool  on  humans.  Even  at 
this  early  stage  of  development,  any  data  on  human  tissue  that  elucidates  the  advantages  and  disadvantages  of  TPI  rektive  to 
conventional  imaging  techniques  is  very  useful.  We  therefore  imaged  an  extracted  human  tooth.  In  addition  to  delivering  the 
first-ever  TPI  images  of  hnmati  tissue,  this  preliminary  study  also  provided  an  excellent  demonstration  of  the  power  of  TPI. 
In  particular,  we  utilised  the  different  contrast  mechanisms  available  in  TPI  to  constmct  two  very  different  unages  containing 
different  types  of  medically  pertinent  information.  Both  of  these  images  were  constmcted  from  the  same  data  set. 


Figure  10.  Visible  Photographs  of  Outside  and  Inside  of  the  Tooth,  Along  With  Inside  View  Taken  on  a  CCD 
Camera  to  Illustrate  Enamel,  Dentine,  and  Root  Cavity.  Images  Inside  Were  Taken  With  The  Tooth  Cut  in 
Half.  Regions  I.,  H.,  and  HI.  are  Discussed  in  the  Text. 


The  tooth  was  an  extracted  premolar.  At  a  frequency  of  0.7THz,  the  absorption  coefficient  was  estimated  as  8cm  firom  a 
tooth  that  was  roughly  9mm  thick.  In  order  to  visibly  examine  the  root  canal,  dentine,  and  enamel  of  the  tooth,  as  well  as  to 
reduce  the  data  acquisition  time  of  the  image,  the  tooth  was  cut  in  half  and  imaged.  Fig.  10  shows  external  and  internal 
photographs  of  the  tooth,  along  with  a  view  of  the  inside  of  the  tooth  taken  by  a  CCD  camera.  The  pulp  cavity,  enamel,  and 
dentine  can  be  seen  on  the  inside  photograph,  but  the  CCD  image  provides  even  better  contrast  between  these  regions.  The 
thickness  of  the  tooth  in  the  X-Y  image  plane  varied  firom  Imm  at  one  end  to  4  mm  at  the  other  end. 

5.1  Diagnostic  Information  on  Enamel  Thickness  and  Dentine:  Refractive  Index  Imaging  Using  Time-of-Flight  Data 
Eq.  (2)  suggests  that  the  changes  in  the  refractive  index  from  one  type  of  tissue  to  another  can  result  in  large  changes  in  the 
delay  or  time  of  flight  of  the  THz  pulse  through  the  object  under  study.  This  delay  or  difference  in  the  time  of  flight  can  in 
turn  be  used  to  construct  an  image  of  the  object.  To  assess  whether  such  a  contrast  mechanism  might  be  utilised  in  dental 
imaging,  time  domain  traces  of  the  THz  pulse  were  recorded  in  three  different  regions:  I.  outside  the  tooth,  II.  in  the  enamel 
region,  and  III.  in  a  region  covered  by  both  enamel  and  dentine  (see  Fig.  10).  Moving  from  outside  the  tooth  (I)  to  inside  the 
enamel  region  (II),  a  large  delay  (lOps)  occurs  as  the  pulse  travels  through  the  tooth  enamel.  As  the  pulse  moves  from  the 
enamel  region  (II)  into  the  immediately  adjacent  enamel  and  dentine  region  (III),  a  large  decrease  in  the  delay  is  observed 
(reduction  to  5ps)  in  spite  of  a  very  small  change  in  overall  tooth  thickness.  This  data  suggests  a  relatively  large  change  in 
refractive  index  at  THz  frequencies  between  the  enamel  and  dentine.  Such  a  change  might  be  expected.  First  of  all,  enamel  is 
harder  and  therefore  is  more  likely  to  be  denser  than  dentine,  which  would  increase  the  refractive  index.  Accompan]^g  this 
are  inqjortant  stmctural  differences  between  enamel  and  dentine.  Moreover,  the  chemical  composition  of  the  two  tissues  is 
likely  to  be  different  and  also  result  in  different  indices.  Enamel  is  -99%  mineral,  whereas  dentine  is  -70%  mineral.  Such 
different  chemical  con:q)ositions  are  supported  by  the  different  shapes  of  the  pulses,  which  show  that  the  absorption  spectra 
are  very  different  in  between  the  dentine  and  enamel  in  the  THz  range. 
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Visible  image 

Terahertz  image 

of  human  tooth 

of  human  tooth 

A 

Figure  11.  2D  Contour  Plot  of  THz 
Pulse  Time  Delay  Data  in  Figure  14 
at  Different  Pixels  (X,Y),  Along 
With  Photograph  of  Tooth. 


All  of  the  time-of-flight  data  is  summarised  in 
Fig..  11,  which  shows  a  2D  contour  plot  of 
the  data  at  each  pixel.  Time-of-flight  data  in 
TPI  is  therefore  a  convenient  means  of 
mapping  out  regions  of  enamel,  and  enamel 
plus  dentine,  as  well  as  accurately 
determining  the  thickness  of  these  different 
regions.  Additional  diagnostic  information 
might  be  contained  in  the  THz  spectra 
corresponding  to  the  various  time  domain 
traces  in  these  different  regions. 


5.2  Diagnostic  Information  on  Pulp  Cavity:  Panchromatic  Absorption  Imaging 
The  same  THz  data  set  used  to  constmct  the  enamel  and  dentine  images  above  may  be  manipulated  in  a  different  fashion  to 
produce  an  image  of  the  pulp  cavity.  Plotting  the  peak  THz  electric  field  of  the  transmitted  pulse  (Fig.  12)  at  each  pixel  allows 
us  to  peer  into  the  pulp  cavity.  In  particular,  we  note  strong  absorption  in  the  pulp  cavity  (Fig.  12)  which  appears  to  reflect 
the  build  up  of  additional  material  in  this  area.  For  an  empty  cavity  in  an  extracted  tooth,  one  would  expect  the  absorption  to 
decrease  in  the  cavity  due  to  an  absence  of  tissue.  This  preliminary  result  therefore  suggests  that  the  panchromatic  absorption 
contrast  mechanism  in  TPI  may  provide  important  diagnostic  information  about  the  state  of  the  pulp  cavity. 


Visible  image  Terahertz  image  of 
of  human  tooth  cavity  in  human  tooth 


Figs.  11  and  12  illustrate  the  power  of  TPI;  two  very  different  images  providing  different  information  about  the  tooth  can 


Figure  12.  2D  Contour  Plot  of  THz 
Transmission  Data  at  Different 
Pixels  (X,Y),  Along  With 
Photograph  of  Tooth. 


be  constructed  from  the  same  THz  data  set. 
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6.  FUTURE  PROSPECTS  FOR  TPI  IN  MEDICAL  IMAGING 


6.1  Advantages  Over  Other  Imaging  Modalities 

The  preliminary  studies  of  the  different  types  of  soft  and  hard  tissue  discussed  above  suggest  that  TPI  may  have  a  bright 
future  in  very  specific  areas  of  medical  imaging.  Relative  to  many  conventional  techniques,  TPI  represents  a  safe,  non- 
invasive,  and  inexpensive  clinical  imaging  modality  with  possible  added  diagnostic  abilities.  Although  conventional  imaging 
techniques  such  as  X-Ray,  X-Ray  CT,  MRI,  ultrasound,  or  radioisotope  imaging  are  currently  available  and  yield  impressive 
results,  each  has  its  shortcomings.  These  can  include  1)  high  cost,  2)  low  spatial  resolution,  3)  safety  concerns,  and  4)  limited 
or  non-existent  diagnostic  capabilities  due  to  lack  of  specificity  to  the  chemical  make-up  of  tissue.  TPI  may  address  some  or 
all  of  these  limitations:  1)  lack  of  magnetic  field  and  expensive  X-Ray  tubes  imply  relatively  low  cost,  2)  spatial  resolution  of 
200-500|am  is  typical  for  thin  (<5mm)  tissue,  3)  THz  radiation  is  non-ionising  and  the  average  power  levels  currently  in  use 
are  comparable  to  the  natural  background,  and  the  4)  spectral  information  inherent  in  TPI  (extendable  to  down  into  the 
microwave  region  and  up  into  the  mid-infrared)  may  relay  important  pathological  and  diagnostic  information. 

TPI  also  has  an  important  advantage  relative  to  other  laser-based  imaging  techniques  such  as  fluorescence  imaging  and 
optical  coherence  tomography  that  operate  in  the  near-infrared  and  visible  regions  of  the  spectrum.  The  development  of 
optical-based  imaging  modalities  has  traditionally  been  hindered  by  the  scattering  of  light  in  the  tissue  at  the  relatively  short 
wavelengths  used  in  the  near-infrared  and  visible  (e.g.  X=400nm-1300nm).  The  result  of  this  scattering  is  attenuation  of  light 
as  well  as  image  blurring.  Scattering  can  significantly  alter  the  directionality,  intensity,  coherence,  polarisation,  and  pulse 
width  of  the  radiation  probing  an  object.  Whilst  recent  advances^  have  sought  to  redress  the  effects  of  scattering  at  these  short 
wavelengths  using  techniques  which  manipulate  time  resolved  luminescence  or  ballistic  and  snake  photons,  scattering  remains 
a  considerable  obstacle  in  most  biomedical  applications.  For  highly  scattering  or  thick  media,  image  bearing  light  such  as 
ballistic  or  snake  photons  become  weak.  Complicated  light  patterns  around  the  object  must  then  be  measiured,  and  this  data 
modeled  with  complex  computer  analysis  to  reconstruct  the  imaged  THz  light,  by  contrast,  has  very  long  wavelengths  (e.g. 
X=15|am-3mm).  Because  the  scattering  probability  is  inversely  proportional  the  fourth  power  of  wavelength,  l/X"*,  significant 
improvements  are  expected  to  rapidly  occur  in  image  quality  and  signal-to-noise  ratios  as  one  increases  the  wavelength.  For 
example,  using  typical  wavelengths  of  Xyjs  =800nm  for  optical  imaging  and  A,xHz“150pm  for  TPI,  scattering  should  be 
reduced  by  a  factor  of  over  a  billion  (1.2x10®)  in  THz  imaging  and  spectroscopy  of  tissue.  This  should  lead  to  paradigm  shift 
in  the  quality  of  optical  images  at  THz  frequencies.  Our  preliminary  work  on  the  human  tooth  using  TPI  suggests  that  this  is 
the  case;  spatial  resolution  on  the  order  of  200pm  was  achieved  with  no  evidence  of  significant  scattering  of  the  THz  beam. 

6.2  Prospects  for  Overcoming  the  Limitation  on  Penetration  Depth 

TPI  really  suffers  from  only  one  significant 
disadvantage  relative  to  conventional  and  visible/near- 
infrared  imaging  techniques  that  must  be  overcome 
before  imaging  deep  inside  the  body  is  feasible. 
Water  has  strong  and  broad  librational  (19.5THz)  and 
stretching  (6THz)  absorption  modes  in  the  THz 
range^.  Absorption  is  particularly  acute  toward  the 
high  frequency  end  of  the  THz  region  (Fig.  13).  Using 
the  0.3THz-2.7THz  bandwidth,  IpW  average  power, 
and /I  pulse  energies  available  from  our  current  TPI 
system,  2-3mm  of  moist  dermal  tissue  can  be 
penetrated,  similar  to  typical  penetration  depths  for 
ballistic  photons  used  in  visible  and  near-infrared 
imaging.  However,  the  penetration  depth  for  THz  can 
be  considerably  inproved  by  increasing  THz  power. 
Ultimately,  the  signal-to-noise  ratio  of  a  TPI  system 
will  determine  the  useful  penetration  depth  in  image 
acquisition,  and  therefore  any  improvement  in  incident 
THz  power  will  allow  thicker  tissue  to  be  examined. 
For  example,  preliminary  work  suggests  that 
increasing  Ae  average  THz  power  to  the  ImW  level 
will  allow  up  to  8mm  of  skin  to  be  imaged  in  the 
present  bandwidth  range.  Very  recent  innovations  at  TREL  have  further  increased  the  visible  to  THz  conversion  efficiency  of 
the  semiconductor  crystal  and  allowed  us  to  reach  such  power  levels  using  conventional,  unan:5)lified  ultrafast  laser 


Figure  13.  Water  Absorption  Coefficient  in  Millimetre 
Wave,  THz,  and  Mid-Infrared. 
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oscillators.  These  power  levels  may  also  be  achieved  using  photoconductive  converters,  and/or  ultrafast  regenerative  laser 
amplifiers  to  boost  the  visible  pulse  energy  available  to  pump  the  semiconductor.  Thus,  substantial  gains  in  penetration  depth 
will  be  achieved  as  THz  power  levels  rise  due  to  advanced  engineering  of  semiconductors  for  greater  visible  to  THz 
conversion  efficiency,  as  well  as  the  use  of  more  compact,  affordable,  and  powerful  laser  regenerative  amplifiers. 

Fig.  13  also  shows  that  moving  down  or  significantly  up  in  frequency  away  from  our  current  range  (0.3THz-2.7THz)  will  be 
beneficial  due  to  reduced  water  absorption.  For  example,  with  our  current  modest  signal  to  noise  ratio  of  500:1, 
approximately  335pm  of  water  can  be  studied  in  transmission  measurements  given  our  current  bandwidth  which  peaks  near 
2.0THz.  Shifting  our  coverage  down  to  even  0.3THz  would  allow  penetration  through  approximately  Itnm  of  water. 
Similarly,  water  absorption  decreases  in  the  mid-infrared  between  30THz  and  45THz,  as  well  as  54THz  to  90THz,  but  this 
absorption  is  still  larger  than  in  the  visible  and  near-infrared  between  700nm  and  1300nm.  EOS  detection  as  described  in 
Section  2. 1  has  been  used  to  extend  coverage  to  the  entire  frequency  range  from  lOOGHz  up  to  70THz  in  a  single  THz  pulse  . 
Combining  such  techniques  with  higher  powers  may  provide  one  possible  route  to  imaging  much  deeper  into  the  body. 

Most  importantly,  it  should  be  noted  that  the  preliminary  indications  of  our  studies  suggest  that  water  may  not  necessarily  be 
as  limiting  a  factor  on  tissue  penetration  depth  as  one  might  assume.  Studies  on  the  moist  model  human  dermis  in  Section  3.2 
suggest  that  at  2.0THz,  the  absorption  coefficient  for  a  sample  is  a~35cm‘',  implying  a  penetration  depth  of  1.8mm  for  our 
modest  signal-to-noise  ratio  of  500:1.  This  agrees  well  with  experiment,  where  we  comfortably  went  through  1.5mm  of 
dermis  without  significant  noise  limitations.  By  contrast,  the  absorption  coefficient  for  water  near  2.0THz  is  a~185cm'‘,  over 
5  times  larger  than  that  of  the  dermis.  Thus,  an  analysis  based  solely  on  water  content  would  imply  that  only  334pm  of 
dermis  could  be  penetrated,  over  5  times  less  than  found  in  practice.  The  limited  contribution  of  water  to  the  absorption 
coefficient  is  also  demonstrated  by  the  fact  that  a  2.0THz,  a~35cm''  for  moist  dermis  whereas  a~29cm''  for  dry  dermis.  The 
ImW  average  power  levels  that  are  now  achievable  suggest  that  ~  4mm  of  moist  dermis  could  be  probed.  Our  results  in  Figs. 
5  and  6  (Section  3.1)  on  animal  tissue  imply  that  other  tissue  types  such  as  fat  and  cartilage  may  have  even  smaller  values  of  a 
and  hence  much  larger  penetration  depths.  By  way  of  exanqile,  tissue  with  a=25cm'’  could  be  probed  to  depths  of  5mm, 
whereas  a=3cm''  would  allow  tissue  thickness  in  excess  of  4cm  to  be  imaged.  This  information  points  strongly  to  the  need 
for  more  comprehensive,  systematic,  and  accurate  characterisation  of  the  absorption  coefficient  a  and  the  refractive  index  n  of 
a  variety  of  different  tissue  types  at  THz  frequencies.  Such  a  development  programme  is  needed  to  pinpoint  the  areas  of 
medical  imaging  where  TPI  will  and  will  not  be  effective  for  imaging  requiring  deep  penetration.  Married  with  such  efforts 
should  be  a  continued  programme  to  improve  signal-to-noise  ratios  through  more  powerful  sources  and  sensitive  detectors. 
Lastly,  effort  is  concentrated  on  the  development  of  an  innovative  system  for  in-vivo  TPI. 

Additional  information  may  be  obtained  from  Dr  DD  Araone:  email  don.amone@crl.toshiba.co.uk 
Website:  http://www.toshiba-europe.com/research/index.html 
Tel.  +44  (0)  1223  424666  Fax  +44  (0)  1223  424341 
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ABSTRACT 

We  have  applied  a  newly  developed  transient  terahertz  time-domain  spectrometer  to  study  the  temporal  development 
of  the  dynamics  of  photogenerated  carriers  in  semiconductor  materials.  The  study  presented  here  include  semi- 
insulating  (SI)  and  low-temperature-grown  (LT)  GaAs.  By  measuring  the  detailed  shape  of  a  subpicosecond  electrical 
field  pulse  (THz  pulse)  transmitted  through  the  sample  at  a  time  T  after  excitation  with  a  femtosecond  laser  pulse, 
the  absorption  coefficient  and  refractive  index  in  the  region  between  0.1  THz  and  3  THz  can  be  measured  with  high 
accuracy.  By  varying  the  time  T,  the  transient  absorption  and  index  spectra  can  be  measured  with  subpicosecond  time 
resolution.  Temporal  and  spectral  behaviour  of  the  carrier  dynamics  in  SI  and  LT  GaAs,  in  dependence  of  intensity 
and  wavelength  of  the  excitation  pulse,  is  measured.  We  directly  observe  carrier  scattering  to  the  sidevalleys  and  the 
subsequent  return  of  the  carriers  to  the  central  valley.  The  experimental  data  strongly  suggest  that  the  transmission 
of  the  THz  pulse  through  the  photoconducting  surface  layer  of  the  semiconductor  can  be  described  as  instantaneous 
tunneling  of  the  electric  field  through  a  metal-like  barrier. 

Keywords:  Time-resolved  spectroscopy,  pump-probe,  transient  carrier  dynamics,  THz  time-domain  spectroscopy 

1.  INTRODUCTION 

Terahertz  time-domain  spectroscopy  (THz-TDS)  is  by  now  a  proven  and  reliable  technique  to  measure  the  complex 
dielectric  function  (i.e  the  absorption  coefficient  and  the  refractive  index)  of  samples  in  the  THz  region  of  the 
electromagnetic  spectrum  with  very  high  accuracy.^"^  THz-TDS  is  based  on  the  generation  and  detection  of  a  freely 
propagating  subpicosecond  electrical  field  pulse  with  a  large  bandwidth  compared  to  the  center  frequency.  Typical 
characteristics  of  a  THz  pulse  is  a  central  frequency  of  1  THz,  with  a  useful  spectrum  extending  from  a  few  tens  of 
GHz  to  3-4  THz.  The  conventional  THz-TDS  system  relies  on  the  large  bandwidth  of  the  THz  pulse,  and  make  no 
explicit  use  of  the  potential  time  resolution  offered  by  the  short  pulses. 

In  this  paper  we  present  results  obtained  with  a  THz-TDS  system  capable  of  measuring  the  complex  dielectric 
function  of  a  sample  with  subpicosecond  time  resolution  in  the  spectral  region  between  0.1  THz  and  3  THz.  We 
have  investigated  the  transient  absorption  and  index  spectra  of  semi-insulating  (SI)  GaAs,  subsequent  to  excitation 
with  a  800  nm  or  400  nm  visible  laser  pulse.  THz  pulses  are  versatile  probes  of  charge  carrier  relaxation  dynamics  in 
semiconductors.  Excited  carriers  absorp  THz  radiation  in  dependence  of  the  instantaneous  mobility,  which  is  highest 
at  the  minimum  of  the  conduction  band  of  the  semiconductor.  Therefore,  the  absorption  coefficient  of  a  photoexcited 
semiconductor  in  the  THz  region  is  proportional  to  the  carrier  density  near  the  conduction  band  minimum.  As  will 
be  demonstrated  in  this  paper,  the  transient  absorption  in  the  THz  region  directly  shows  important  aspects  of 
relaxation  of  carriers  from  a  hot  state  with  excess  energies  of  120  meV  and  1.67  eV  (800  nm  and  400  nm  excitation, 
respectively).  At  800  nm  excitation  wavelength,  the  only  relaxation  path  is  energy  exchange  with  LO  phonons  within 
the  central  F  valley.  At  400  nm  excitation  wavelength,  scattering  of  carriers  to  the  L  and  X  side  valleys  dominates 
the  first  picoseconds  of  the  transient  absorption  curves. 

We  also  applied  the  transient  THz  spectrometer  to  the  investigation  of  carrier  dynamics  in  LT  GaAs  after 
excitation  with  800  nm  and  400  nm  optical  pulses.  LT  GaAs  grown  by  molecular  beam  epitaxy  has  a  short  carrier 
lifetime  and  a  relatively  high  carrier  mobility,  making  it  potentially  interesting  for  ultrafast  optoelectronic  switching 
applications.  The  measurements  presented  here  show  the  influence  of  substrate  temperature  and  arsenic  pressure 
during  growth  on  carrier  dynamics  in  the  material.  The  sample  series  represent  an  almost  complete  transition  from 
SI  characteristics  to  LT  characteristics. 
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Carrier  dynamics  in  semiconductors  is  a  very  intensely  studied  topic.  For  an  overview  of  results  and  experimental 
techniques  over  the  last  2  decades,  see  e.g.  Ref.  6  and  references  therein. 

Results  of  a  few  other  experiments  on  transient  THz-TDS  have  been  published.  In  1994,  Groeneveld  and 
Grischkowsky  measured  relaxation  dynamics  of  carriers  and  excitons  in  GaAs-based  quantum  wells. ^  In  1996, 
Zielbauer  and  Wegener  investigated  dynamics  of  photoexcited  carriers  in  silicon.®  Recently,  McElroy  and  Wynne 
used  transient  THz-TDS  to  investigate  solvation  dynamics  of  dyes  in  polar  solution.® 

2.  EXPERIMENTAL  SETUP 

The  experimental  setup  used  in  this  work  is  schematically  illustrated  in  Fig.  (1).  The  setup  is  driven  by  laser  pulses 


SPECTRAL  SHAPING 


Figure  1.  Experimental  setup.  BS  =  beamsplitter,  PBS  =  pellicle  beam  splitter,  EOS  =  electro-optic  sampling 
element,  VWP  =  variable  wave  plate,  PD  =  photodiode. 

from  a  regeneratively  amplified  Ti:sapphire  oscillator  (Clark-MXR  CPA-1000).  The  pulses  arrive  at  the  setup  with 
a  tunable  central  wavelength  of  790-820  nm,  bandwidth  of  15  nm,  pulse  duration  of  100  fs,  and  pulse  energy  of  800 
/iJ.  The  repetition  rate  is  1000  Hz.  The  setup  consists  of  two  parts,  the  THz  spectrometer  and  the  pump  beam 
arrangement,  which  will  be  described  in  the  following. 

2.1.  THz  spectrometer 

The  THz  beam  is  generated  at  a  (311)  GaAs  surface  by  optical  rectification  of  the  excitation  pulse  (energy  50  /xJ). 
The  excitation  beam  is  unfocused  with  a  diameter  of  1.5  cm.  The  resulting  train  of  THz  pulses  is  emitted  in  a  nearly 
parallel  beam,  and  is  guided  by  three  off-axis  paraboloidal  mirrors  in  a  /  —  2/  —  /  geometry  to  the  detector.  The 
THz  beam  is  focused  to  a  diffraction-limited  spot  between  the  two  first  mirrors  and  at  the  detector  surface.  The 
sample  under  investigation  is  placed  at  the  focal  point  of  the  first  mirror. 

The  temporal  shape  of  the  THz  pulse  is  measured  by  free-space  electro-optic  sampling. Briefly,  the  THz  pulse 
and  a  800  nm  probe  pulse  (linearly  polarized  at  45®  with  respect  to  the  polarization  of  the  THz  beam)  is  propagating 
collinearly  inside  an  electro-optic  crystal.  After  the  crystal  the  phase  between  the  two  polarization  components  of 
the  probe  beam  has  been  retarded  in  proportion  to  the  instantaneous  electrical  field  of  the  THz  pulse.  This  phase 
retardation  is  measured  by  a  set  of  balanced  photodiodes  after  a  second  polarizer,  biased  to  the  quarter-wave  point 
by  a  variable  waveplate.  This  setup  assures  a  linear  relation  between  the  difference  voltage  of  the  photodiodes  and 
the  electric  field  of  the  THz  pulse.  By  gradually  changing  the  delay  between  the  THz  pulse  and  the  probe  pulse 
while  monitoring  the  photodiode  signal,  the  temporal  shape  of  the  THz  pulse  is  measured.  A  mechanical  chopper, 
locked  to  the  8th  subharmonic  (125  Hz)  of  the  laser  repetition  rate,  is  placed  in  the  beam  exciting  the  THz  emitter, 
and  the  photodiode  difference  signal  is  measured  with  a  lock-in  amplifier. 
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2.2.  Pump  beam  arrangement 

The  pulses  in  the  pump  beam  have  an  energy  of  500  /xJ.  The  pump  beam  is  sent  through  a  variable  delay  line,  which 
controls  the  arrival  time  of  the  pump  pulse  at  the  sample  surface  with  respect  to  the  arrival  time  of  the  THz  probe 
pulse.  The  bandwidth  and  central  wavelength  of  the  pump  pulse  is  controlled  in  a  pulse  shaper,  inserted  in  the  pump 
beam  path.  The  bandwidth  of  the  shaped  pulse  can  be  adjusted  from  a  fraction  of  a  nm  to  the  full  bandwidth  of  the 
unshaped  pulse  (approx.  15  nm).  The  experiments  presented  in  this  paper  are  all  performed  using  the  full  spectrum 
of  the  pump  pulse.  The  sample  is  oriented  at  45°  with  respect  to  both  the  THz  beam  and  the  pump  beam,  and  is 
illuminated  by  the  pump  beam  on  the  back  surface  with  respect  to  the  THz  beam.  With  this  pump  geometry  there 
are  no  optical  components  in  the  THz  beam  path  while  the  high  time  resolution  is  maintained,  assuming  that  only 
the  surface  of  the  sample  is  excited  by  the  pump  beam.  In  GaAs,  the  absorption  depth  is  less  than  1  ^m  for  800  nm 
photons  and  a  few  hundred  nm  for  400  nm  photons. 

3.  RESULTS  AND  DISCUSSION 

In  Fig.  (2)  a  typical  THz  pulse  shape  and  the  corresponding  frequency  spectrum  is  shown.  The  pulse  has  a  usable 


Figure  2.  THz  pulse  shape  and  corresponding  frequency  spectrum. 

spectrum  extending  from  below  0.1  THz  to  3  THz.  The  spectral  cut-off  above  3  THz  is  caused  in  part  by  closely 
spaced  rotational  absorption  lines  from  residual  water  vapor  in  the  THz  beam  path,  and  in  part  by  the  5.3  THz 
phonon  absorption  band  in  the  ZnTe  detector  crystal.  We  observe  a  weak,  but  significant,  recovery  of  the  spectrum 
at  7-8  THz.  The  spectral  dip  seen  at  9  THz  could  originate  from  the  TO  phonon  absorption  in  the  GaAs  emitter. 

In  this  paper  we  perform  two  types  of  transient  measurements,  described  below. 


3.1.  Frequency-resolved  transient  absorption 

By  measuring  the  pulse  shape  of  the  THz  pulse  transmitted  through  the  sample  with  and  without  pumping,  the 
transient  absorption-  and  index  spectrum  within  the  useful  bandwidth  of  the  THz  pulse  can  be  found.  If  the  delay 
between  the  THz  probe  pulse  and  the  visible  pump  pulse  is  T,  the  frequency-dependent  transient  absorption  and 
refractive  index  can  be  found  by 


Eiu,T) 

E{u,T<0)  E{E{t,T<Q)) 


exp{-Aa{u)d)  exp(i27ri/An(i/)d/c) 


(1) 


where  E{E)  is  the  Fourier  transform  of  the  temporal  THz  field  shape,  Aa  is  the  transient  field  absorption  coefficient, 
An  is  the  transient  index  change,  and  d  is  the  effective  thickness  of  the  layer  excited  by  the  pump  pulse,  defined 
by  the  absorption  depth  of  the  pump  light.  Hence,  by  measuring  the  temporal  shape  of  the  THz  pulse  transmitted 
through  the  sample  at  different  times  with  respect  to  the  pump  pulse,  the  transient  absorption  and  index  spectra 
can  be  extracted. 
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3.2.  Frequency-integrated  transient  absorption 

The  temporal  shape  of  the  THz  pulse  is  determined  by  the  phase  relation  between  all  frequency  components  within  the 
bandwidth  of  the  pulse.  At  t  =  0  all  frequency  components  add  up  constructively  to  form  the  central  subpicosecond 
peak  of  the  THz  pulse.  This  means  that  the  change  of  the  peak  THz  field  strength  caused  by  absorption  in  the 
sample  is  directly  proportional  to  the  sample  absorption,  integrated  over  the  bandwidth  of  the  pulse. 

ETHz,peak  OC  exp(-Qd)  (2) 


1  t^max 

—  -  /  a{y)du 
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In  many  situations  the  integrated  absorption  change  gives  valuable  information  about  carrier  dynamics  in  the 
sample.  Furthermore,  from  an  experimental  point  of  view  this  technique  is  much  faster  than  the  aquisition  of  the 
full  transient  absorption-  and  index  spectra. 


3.3.  Semi-insulating  GaAs 

We  have  measured  the  transient  absorption  and  refractive  index  of  SI  GaAs  (resistivity  >  cm,  band  gap  1.43 
eV  at  300  K),  pumped  by  optical  pulses  with  wavelengths  of  800  nm  and  400  nm.  The  pulse  energy  in  both  cases 
were  approx.  1  /xJ,  corresponding  to  an  initial  carrier  density  of  approx.  10^^  cm“®.  In  Fig.  (3)  experimental  data 
for  800  nm  pump  wavelength  are  shown.  Fig.  (3a)  shows  the  transient  frequency-integrated  absorption  of  the  THz 
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Figure  3.  (a)  Temporal  development  of  transmitted  peak  THz  field  strength,  (b)  Transient  absorption  spectra,  (c) 
Transient  refractive  index  spectra. 

pulse  after  transmission  through  the  sample.  The  arrows  indicate  the  points  at  which  transient  absorption  and  index 
spectra  are  measured.  In  Fig.  (3b)  the  transient  absorption  spectrum  is  shown  for  at  t  <  0  ps,  t  =  0  ps,  t  =  0.4  ps, 
t  =  1.3  ps,  t  =  2.9  ps,  and  t  =  7.1  ps.  In  Fig.  (3c)  the  transient  refractive  index  spectrum  is  shown.  The  absorption 
coefficient  and  the  index  is  calculated  by  assuming  that  the  excited  layer  has  a  thickness  of  5  /.tm.  We  notice  that 
this  is  approximately  10  times  larger  than  the  expected  absorption  depth  of  800  nm  photons  in  GaAs. 

The  absorption  coefficient  and  the  refractive  index  changes  from  the  dielectric  behaviour  of  semi-insulating  GaAs 
to  a  metal-like  behaviour  within  less  than  one  picosecond.  We  interpret  this  as  the  relaxation  of  the  electrons  from 
the  initial  excess  energy  of  120  meV  to  the  minimum  of  the  F  valley.  Once  the  electrons  are  thermalized  they 
recombine  with  the  holes  in  the  valence  band  with  a  recombination  time  of  several  hundred  ps,  much  slower  than 
the  time  scales  investigated  here.  The  shape  of  the  absorption  and  index  spectra  of  the  thermalized  carriers  agrees 
qualitatively  with  the  behaviour  of  carriers  as  predicted  by  the  Drude  model  of  conduction.®  The  connection  between 
the  absorption  and  index  spectra  and  n(w),  respectively)  and  the  Drude  model  is 

i{u)  =  Coo - ,  -p,  =  n®  =  (n(w)  -F  ia{uj)c/ujf  (4) 

‘Til) 
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where  e  is  the  complex  frequency-dependent  permittivity,  Coo  is  the  permittivity  at  optical  frequencies,  Wp  is  the 
plasma  angular  frequency,  and  F  is  the  damping  rate  (inverse  collision  time)  of  the  carriers. 

The  same  experiment  was  performed  with  400  nm  pump  wavelength,  corresponding  to  an  excess  energy  of  the 
carriers  of  1.67  eV.  The  results  are  presented  in  Fig.  (4).  The  frequency-integrated  absorption  (Fig.  (4a))  shows 
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Figure  4.  (a)  Temporal  development  of  transmitted  peak  THz  field  strength,  (b)  Transient  absorption  spectra,  (c) 
Transient  refractive  index  spectra. 

a  completely  different  behaviour.  The  maximum  absorption  is  reached  after  6  ps,  and  the  subsequent  decrease  in 
absorption  is  much  faster  than  in  the  case  of  800  nm  excitation.  The  slower  rise  time  of  the  absorption  we  attribute 
to  initial  fast  scattering  to  the  side  valleys  followed  by  a  slower  scattering  and  relaxation  back  to  the  minimum  of  the 
r  valley.  The  transient  absorption  and  index  spectra  shows  the  same  behaviour  as  seen  in  Fig.  (3),  except  that  the 
carriers  are  thermalized  much  slower.  The  absolute  absorption  coefficient  and  index  after  6  ps  is  the  same  as  with 
800  nm  excitation,  showing  that  after  the  thermalization,  the  carrier  dynamics  is  independent  of  the  initial  carrier 
distribution. 

The  detailed  analysis  of  the  absorption  and  index  spectra,  including  a  quantitative  comparison  with  the  Drude 
model,  is  in  preparation.^^ 

3.4.  Low-temperature-grown  GaAs 

We  have  measured  the  frequency- integrated  absorption  of  a  series  of  LT  GaAs  samples,  grown  by  molecular  beam 
epitaxy  with  growth  parameters  indicated  in  Table  (1).^^  It  is  expected  that  a  low  growth  temperature,  combined 


Sample 

Growth  temperature 

As4  pressure 

[AS4]  :  [Ga] 

As  antisite  concentration 

III-305 

200°  C 

15  •  10-®  Torr 

18 

15  •  10^®  cm-® 

III-306 

200°  C 

8  •  10~®  Torr 

9 

11  ■  10^®  cm-® 

III-307 

300°  C 

15  •  10-®  Torr 

18 

6.4  •  10^®  cm-® 

III-308 

300°  C 

9  •  10“®  Torr 

11 

6.2  •  10^®  cm-® 

III-309 

300°  C 

7  •  10-®  Torr 

8 

4.8  •  10^®  cm-® 

Table  1.  Growth  parameters  for  the  LT  GaAs  samples  studied  in  this  work.  All  samples  are  grown  to  2  jum  thickness 
on  a  SI  GaAs  substrate. 

with  a  high  As  concentration  during  growth,  and  subsequent  annealing  at  500-600  degrees  leads  to  the  shortest 
response  time  of  the  sample.  In  the  following  we  show  that  this  agrees  well  with  the  interpretation  of  transient  THz 
absorption  curves  of  the  samples.  In  Fig.  (5)  the  different  samples  have  been  excited  by  800  nm  pulses  with  an 
energy  of  80  pJ,  corresponding  to  an  initial  carrier  density  of  10^®  cm~®  to  10^®  cm“®.  In  part  (a)  of  the  figure 
the  product  of  the  absorption  coefficient  and  the  thickness  of  the  photoconductive  layer  is  plotted  as  function  of 
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Figure  5.  Transient  absorption  of  different  LT  GaAs  samples,  pumped  at  800  nm. 


time.  In  part  (b)  of  the  figure,  the  absorption  coefficients  are  normalized  for  direct  comparison  of  the  decay  time 
of  the  signals.  The  transient  absorption  coefficient  for  SI  GaAs,  pumped  with  10  fj.3  energy,  is  also  included  in  the 
figure.  Fig.  (5)  shows  that  the  transient  absorption  signal  is  fastest  for  the  sample  grown  at  200°  with  a  high  As 
pressure.  With  increasing  growth  temperature  and  decreasing  As  pressure,  the  transient  absorption  signal  is  slower, 
approaching  that  of  SI  GaAs.  The  rise  time  of  the  transient  absorption  coefficient  is  the  same  for  all  the  samples. 
The  slow  tail  of  the  transient  absorption  coefficient  is  believed  to  be  a  bulk  effect.  The  LT  GaAs  layer  is  two  microns 
thick,  allowing  a  small  fraction  of  the  800  nm  photons  to  penetrate  into  the  highly  responsive  substrate.  Therefore 
the  total  absorption  will  be  a  superposition  of  a  fast  component  from  the  LT  layer  and  a  slow  component  from  the 
SI  substrate. 

The  development  of  the  transient  absorption  coefficient  of  the  samples  grown  at  300°,  pumped  with  400  nm  pulses 
with  an  energy  of  15  pJ,  is  illustrated  in  Fig.  (6).  We  only  found  significant  absorption  in  the  samples  grown  at  300°. 


Figure  6.  Transient  absorption  of  different  LT  GaAs  samples,  pumped  at  400  nm. 

With  400  nm  pump  we  observe  that  the  falling  edge  of  the  absorption  coefficient  shows  the  same  behaviour  as  when 
the  samples  are  pumped  with  800  nm  pulses.  Additionally,  we  notice  that  the  rising  edge  of  the  absorption  curve 
is  much  faster  than  observed  in  SI  GaAs.  The  set  of  data  in  Fig.  (7)  illustrates  the  development  of  the  absorption 
coefficient  of  a  particular  sample  (III-308)  in  dependence  of  the  pump  power  at  800  nm  wavelength.  The  pump  power 
is  increased  from  2.3  /iJ  to  80  /xJ,  corresponding  to  initial  carrier  densities  from  10^^  cm“®  to  10^®  cm“®.  The  rising 
edge  of  the  absorption  signal  shows  no  intensity  dependence,  whereas  the  falling  edge  of  the  signal  is  slower  at  high 
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Figure  7.  Transient  absorption  of  LT  GaAs,  pumped  at  800  nm  with  different  intensities.  The  time  constant  of  the 
initial  decay  increases  from  0.8  ps  to  6  ps. 

pump  intensities.  Similar  behaviour  was  observed  by  Sosnowski  et  al}^ 

The  differences  between  the  transient  absorption  in  SI  GaAs  and  LT  GaAs  are  attributed  to  the  presence  of 
midband  states  in  LT  GaAs,  caused  by  excess  As.®’^^  Carriers  are  easily  de-excited  to  the  midband  states,  which 
therefore  act  as  a  highly  effective  carrier  drain,  with  a  resulting  ultrafast  response  time.  A  relatively  simple  set  of 
rate  equations,  taking  the  different  scattering  mechanisms  into  account,  reproduces  the  transient  absorption  data 
quite  well,  and  is  the  topic  of  a  forthcoming  publication.^® 

3.5.  THz  tunneling 

One  peculiar  observation  is  that  the  THz  pulse  seems  to  arrive  earlier  at  the  detector  when  it  is  transmitted  through 
the  excited  surface  layer  than  if  it  is  transmitted  through  the  normal  surface  layer.  This  is  caused  by  the  huge 
index  change  of  the  surface  layer,  obvious  from  Fig.  (3)  and  Fig.  (4).  The  time  difference  is  illustrated  in  Fig.  (8). 
The  time  difference  between  the  two  pulses  is  42  fs.  With  the  refractive  index  of  SI  GaAs  of  3.5,  this  corresponds 


Figure  8.  The  THz  pulse  arrives  42  fs  earlier  at  the  detector  when  the  GaAs  surface  is  excited  by  the  pump  beam. 

to  a  distance  Ax  =  cAtfn  =  3.6/im,  which  has  been  traversed  instantaneously.  This  instantaneous  propagation  of 
the  field  is  highly  reproducible,  and  is  observed  at  both  400  nm  and  800  nm  pump  wavelengths.  The  effect  will  be 
discussed  in  detail  in  a  forthcoming  publication.^® 
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4.  CONCLUSION 

We  have  demonstrated  the  operation  of  a  transient  THz  time-domain  spectrometer  with  subpicosecond  time  resolution 
by  probing  transient  carrier  dynamics  in  GaAs.  SI  GaAs  was  optically  pumped  with  femtosecond  pulses  at  800  nm 
and  400  nm,  and  the  subsequent  development  of  the  absorption  and  refractive  index  spectrum  was  measured.  At 
800  nm,  energy  relaxation  of  the  carriers  occurs  on  a  time  scale  faster  than  1  ps.  At  400  nm  pump  wavelength  the 
electrons  are  created  in  a  highly  excited  state  where  scattering  to  the  X  and  L  side  valleys  and  rescattering  to  the 
minimum  of  the  central  F  valley  dominates  the  development  of  the  absorption  and  index  spectra. 
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ABSTRACT 

State-of-the-art  coherent  THz  radiation  soinces  are  reviewed  and  inversion-less  amplification  mechanisms  are  presented, 
which  are  applicable  to  a  wide  variety  of  optically  irrqiulsively  excited  THz  emitters.  The  amplification  schemes  will  be 
experimentally  demonstrated  and  fundamental  limitations  and  prerequisites  discussed,  stressing  analogies  and  differences  to 
standard  amplification  by  stimulated  emission. 

Keywords:  Coherent  THz  soinces,  amplification  without  inversion,  femtosecond  laser  technology 

1.  INTRODUCTION 


Terahertz  radiation  (1  THz  =  lO’^  Hz),  localized  between  the  infrared  and  the  microwave  frequencies,  has  an  anqile 
application  potential  for  the  spectroscopy  of  gases,  liquids  and  condensed  matter.  As  an  example,  distinctive  rotational 
transitions  of  molecules  lie  in  this  spectral  range,  permitting  the  direct  quantitative  detection  and  chemical  analysis  of  gases, 
which  is  important  in  view  of  environmental  monitoring  or  control  of  combustion  processes  [1].  Also,  important  semiconduc¬ 


tor  properties,  like  carrier  con¬ 
centration  and  mobility  lead  to 
resonances  in  this  spectral  range, 
which  enables  one  to  derive  such 
information  directly  from  THz 
transmission  experiments  [2] 
(examples  of  such  applications 
are  shown  in  Fig.  1).  THz 
spectroscopy  constitutes,  there¬ 
fore  an  important  analytic  tool, 
which  complements  standard 
characterization  methods  and 
opens  up  a  manifold  of  new 
interesting  applications. 

Impulsive  optical  (or  time- 
domain)  THz  techniques  [2,3] 
with  femtosecond  laser  systems 
have  achieved  impressive  capa¬ 
bilities,  with  an  unsurpassed 
bandwidth,  exceptional  sensitivi¬ 
ty,  dynamic  measurement  capa¬ 
bilities,  the  ability  to  detect  cohe¬ 
rent  THz  fields  directly  in 
amplitude  and  phase,  and  even 
real-time  THz  imaging  systems 
have  been  demonstrated  [4].  For 
an  overview  of  the  developed 
techniques  see  e.g.  [5]. 
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Fig.  1  Application  examples  for  time-domain  THz  spectroscopy:  the  upper  plots  illustrate 
transients  (a)  and  fourier  spectra  (b)  of  the  THz  transmission  through  a  gas  cell,  which  clearly 
illustrate  the  sharp  rotational  transitions  of  HCI.  The  lower  transients  (c)  and  spectra  (d)  illustrate 
the  contact-less  measurement  of  carrier  concentration  and  mobility  of  a  silicon  wafer. 


A  key  component  of  THz  spectroscopy  systems  are  the  THz  sources.  In  the  time-domain  approach  most  THz  sources  rely  on 
the  photoexcitation  of  coherent  charge  carrier  distributions  in  appropriate  semiconductor  stractures  with  femtosecond  laser 
pulses.  The  dominant  radiation  process  is  then  given  by  the  acceleration  of  the  coherent  earner  ensemble,  according  to 
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Faraday's  law  of  induction.  Due  to  the 
coherent  motion  and  close  spacing  of  the 
ensemble  of  carriers,  the  coherent  elec¬ 
tromagnetic  THz  radiation  is  emitted  in  a 
cooperative  manner.  Up  to  now  many 
different  kinds  of  broadband  [6-8]  or  tu¬ 
nable  [9-10]  emission  processes  have 
been  demonstrated,  and  the  attractive 
properties  of  time  resolved  techniques 
have  raised  attractive  applications  [5]. 
Nevertheless,  a  widespread  application 
of  the  time-domain  techniques  is 
hindered  by  the  lack  of  powerful  and 
efficient  THz  generation  processes. 
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Fig.  2  Overview  of  the  typical  emission  power  levels  and  power  conversion  efficiencies 

of  a  selection  of  THz  emitters. 


Although  the  precise  efficiency  of  THz 

emitters  is  strongly  dependent  on  the  exact  experimental  conditions,  an  overview  containing  the  typical  efficiency  of  selected 
THz  sources  pumped  by  a  Ti:sapphire  laser  system  is  contained  in  Fig.  2.  The  power  conversion  efficiency  is  clearly 
extremely  low  (a  power  conversion  efficiency  of  10'®  is  equivalent  to  a  quantum  efficiency  of  4*10  '*).  An  important  focus  of 
our  work  is  thus  the  development  of  more  efficient  sources  of  coherent  THz  radiation.  One  of  the  main  reasons  restricting  the 
efficiency  of  impulsively  excited  THz  emitters  is  the  fast  loss  of  coherence  of  the  photoexcited  ensemble.  Typically  the 
coherence  in  the  emitter  system  is  destroyed  by  ultrafast  scattering  processes,  restricting  the  cooperative  motion  and  therefore 
the  coherent  emission  time  1^01,  to  a  small  fraction  of  the  radiative  lifetime  [9].  Consequently,  only  a  small  portion  of  the 


available  energy  in  the  system  is  emitted  coherently  and  the  corresponding  quantum  efficiency  t]  =  Teh !  trad  is  very  low 
(typically  below  10'^).  An  efficiency  enhancement  can  be  obtained  if  the  emission  power  is  increased  so  that  more  energy  is 
emitted  coherently  before  dephasing  occurs.  One  possibility  to  accomplish  this  power  increase  is  the  superlinear  power 
dependence  on  carrier  density  according  to  the  superradiant  characteristics  of  the  cooperative  emission  process  [11].  Such  an 
efficiency  enhancement  was  aheady  shown  for  the  surface-field  THz  emitter  InP  [12]  and  for  Bloch  oscillations  in  GaAs  / 
AlGaAs  superlattices  [13]  by  increasing  the  optical  excitation  intensity.  But  as  excitation  density  dependent  dephasing  and 
screening  effects  reduce  Xcoi,  for  high  excitation  densities,  only  a  limited  efficiency  enhancement  can  be  achieved  by  this 


process.  In  this  paper  we  present  a  method  to  amplify  the  coherent  emission  power  by  phasematched  superposition  with  a 
coherent  background  radiation  during  the  emission  process.  In  contrast  to  former  approaches  the  optical  excitation  conditions 
and  therefore  Tjoh  remains  constant  during  this  process,  avoiding  a  saturation  of  the  efficiency  enhancement  effect.  In 


principle  the  emission  power  can  thus  be  enhanced  imtil  all  available  energy  is  emitted  completely  during  Tjoi,,  e.g.  the 
quantum  efficiency  can  be  raised  to  unity.  This  paper  is  organized  as  follows:  In  the  first  part,  the  principle  of  the 
amplification  process  is  discussed,  stressing  analogies  and  differences  to  stimulated  emission.  Afterwards,  the  proposed 
properties  are  confirmed  experimentally  in  a  specially  designed  DFT  setup  allowing  the  detailed  investigation  of  the 
amplification  process  in  a  single-pass  configuration.  The  feasibility  of  repetitive  arrqjlification  in  a  ring-resonator  is 
demonstrated  afterwards.  The  paper  closes  with  a  brief  summary. 


2.  AMPLIFICATION  PRINCIPLE 

The  basic  amplification  process  is  based  on  the  superposition  of  a  coherent  background  radiation  during  the  THz  emission 
process.  If  the  propagating  direction  and  the  temporal  shape  of  both  the  background  and  the  newly  generated  THz  fields  are 
chosen  identically,  the  electric  field  of  the  background  field  will  interfere  with  the  coherent  intraband  polarization  within  the 
THz  emitter  and  stimulate  an  emission.  Detailed  microscopic  calculations  of  this  effect  will  be  presented  elsewhere  [14],  but 
to  the  external  observer,  the  amplitudes  of  the  background  and  newly  generated  fields  just  appear  to  up.  This  already  turns 
out  to  be  an  amplification  mechanism:  As  radiation  power  P  scales  quadratically  with  field  amplitude,  the  summation  of  the 
fields  leads  to  an  overall  power  increase  compared  to  an  imcorrelated  emission  process.  Consequently  more  energy  is  emitted 
coherently  in  the  short  time  T(,<,h  before  dephasing  sets  in.  As  a  sinqjle  example,  consider  the  coherent  superposition  of  a 
background  field  (amplitude  Ebg)  with  a  second  field  (amplitude  during  its  generation  process.  As  the  field  amplitudes 
add  up,  the  radiation  power  is  raised  by  AP  {Eq  +  -  {Eq  +  Ebg)  ~  2^0 The  power  of  the  background  radiation  is 

constant.  Hence,  the  enhancement  AP  has  to  be  attributed  exclusively  to  the  generation  process  of  the  source  which  is 
irradiated  by  the  THz  background  field.  The  emission  power  of  the  second  source  has  been  raised  by  a  factor  of  F=  1  +  2Ebg 
/  Eo-  It  should  be  stressed  that  this  amplification  process  differs  firom  stimulated  emission  as  e.g.  V  depends  linearly  on  the 
background  electric  field  amplitude  and  not  on  its  power  level  (  Ebc^)  as  it  would  for  stimulated  emission.  In  the  special  case 


229 


of  similar  amplitudes  {Eg  ~  Esc)  a  three  times  stronger 
emission  is  achieved.  Obviously  a  further  increase  of 
the  background  field  enhances  the  amplification  factor. 
A  fundamental  limit  is  only  achieved  when  all  available 
energy  is  emitted  during  the  amplified  emission  process 
and  the  quantum  efficiency  reaches  unity.  It  is  therefore 
sensible  to  use  this  amplification  process  repetitively  in 
a  resonator  setup,  where  the  emitted  radiation  is 
coupled  back  and  is  used  as  background  radiation 
driving  and  enhancing  the  next  THz  generation  process. 
Each  time  THz  radiation  is  emitted  in  phasematched 
superposition  with  the  backcoupled  field  the  total 
amplitude  of  the  electric  field  in  the  resonator  will  be 
raised  by  the  amount  of  Eg  yielding  a  quadratic  growth 
of  the  radiation  power.  A  first  estimation  of  the 
maximum  amplification  in  a  resonator  with  a  round-trip 
reflectivity  R  can  thus  be  estimated  by  the  formula  {Eg  / 
(1-V/?))^  when  stimulated  emission  and  absorption  are 
neglected.  Considering  typical  resonators  with  R  «  0.9 
as  an  example,  the  power  of  the  THz  radiation  can  be 
amplified  by  a  factor  of  about  380  by  this  coherent 
superposition  process.  Again  significant  differences 
from  amplification  by  stimulated  emission  can  be  perceived:  in  our  case,  the  power  level  in  the  resonator  scales  quadratically 
with  the  round-trip  number  instead  of  the  exponential  increase  known  firom  stimulated  emission.  Furthermore  coherence 
between  the  backcoupled  and  the  newly  emitted  radiation  has  to  be  guaranteed  for  amplification  by  coherent  superposition, 
whereas  the  stimulated  emitted  radiation  is  coherent  to  the  ‘backgroimd’  by  nature.  On  the  other  hand  no  population 
inversion  is  needed  for  the  presented  amplification  process.  As  population  inversion  is  extremely  difficult  to  achieve  in  the 
THz  regime,  this  fact  hence  allows  to  apply  this  process  to  much  wider  group  of  impulsively  photoexcited  THz-emitters. 
Another  point  of  view  shows  the  amplification  character  of  this  process  more  clearly:  the  background  radiation  transmitting 
the  emitter  during  the  s5uichronously  excited  THz  generation  process  can  be  regarded  as  being  amplified  as  the  coherent 
superposition  increases  its  field  amplitude  by  the  amount  Eg. 

3.  STUDY  OF  THE  SINGLE-PASS  AMPLIFICATION  PROCESS 

The  single-pass  amplification  process  is  investigated  in  a  modified  diffracting  Fourier  transform  setup  [15]  using  two  surface- 
field  THz  emitters  made  from  epitaxially  grown  InGaAs  on  InP.  The  samples  are  excited  with  100  fs  laser  pulses  from  a 
commercial  Ti:sapphire  laser.  Figure  3  shows  the  setup  including  two  complementary  detection  schemes  for  time-resolved 
field  and  time-integrated  power  measurements.  The  optically  excited  THz  emission  from  the  main  emitter  (Sq)  is  observed 
under  collinear  transmission  of  an  identical  THz  background  field  produced  by  a  second  independently  controlled  emitter 
(Sbg)-  Tuning  their  respective  generation  time  delay  by  Atg^,,  the  temporal  overlap  can  be  adjusted  in  order  to  achieve  an 
exact  temporal  overlap  and  thus  the  coherent  superposition.  It  should  be  stressed  that  due  to  the  temporal  and  spatial 
separation  of  the  two  emitters  only  the  THz  generation  in  the  main  emitter  can  be  influenced  by  the  background  radiation  and 
not  vice  versa  -  i.e.  the  radiated  power  of  the  background  emitter  remains  constant.  Consequently  any  power  increase  has  to 
be  attributed  exclusively  to  an  amplified  THz  generation  process  of  the  main  emitter  Sq.  In  the  first  detection  scheme  the 
combined  electric  field  is  detected  with  photoconductive  dipole  antennas  gated  by  a  third  optical  beam.  Timing  the  time- 
delay  (At)  of  the  gating  pulse  enables  the  time-resolved  detection  of  the  electric  field  amplitude  of  the  combined  THz 
radiation.  Fig.  4  shows  transients  observed  for  the  single  (dashed  lines)  or  combined  excitation  of  both  emitters  for  fiill 
temporal  overlap  of  the  two  THz  pulses  (Atge„  =  0  ps).  Obviously  the  electric  fields  add,  as  expected  for  pure  constmctive 
interference.  Considering  that  the  power  of  die  combined  radiation  is  proportional  to  the  square  of  the  field  amplitude,  this 
already  demonstrates  an  amplification  of  the  emission  of  the  main  emitter  by  a  factor  of  about  three.  It  should  be  pointed  out, 
that  the  temporal  shape  is  not  altered  yielding  two  consequences:  first,  as  the  excitation  density  has  not  changed,  the  coherent 
emission  time  Tjoh  has  remained  constant  and  a  overall  efficiency  enhancement  is  achieved  in  contrast  to  an  anplification 
based  on  superradiance.  Second,  the  broad  bandwidth  of  the  THz  radiation  has  not  been  lowered,  proving  the  ability  to 
amplify  extreme  broadband  radiation.  A  power  FFT  performed  on  the  measiued  signals  demonstrates  Aat  the  original  signal 
bandwidth  of  750  GHz  (central  frequency  1  THz)  is  only  minimally  lowered  to  730  GHz  during  the  amplification  process. 


I - 
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Fig.  3  Modified  diffraction  Fourier  transforma  setup  used  to  study  the 
amplification  process.  The  investigated  THz  emission  is  produced  from  So 
under  irradiation  by  an  independently  controlled  (Atg^)  background 
emitter  (Sbg)  The  combined  electric  field  is  detected  and  time-resolved 
with  photoconductive  antennas.  Alternatively  a  bolometer  is  used  to 
measure  the  time-integrated  intensity  in  the  same  setup  (dashed  area). 
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Fig.  4  Detected  field  transients  of  the  THz  emission  from  the 
background  and  the  main  emitter,  if  only  one  is  excited  (dashed 
lines)  and  for  combined  excitation  in  full  temporal  overlap  (solid 
curve).  The  emitted  THz  fields  add  up  yielding  an  enhanced 
radiation  power  of  the  irradiated  emitter. 


gen.  delay  At gen(ps) 


Fig.  5  Detected  pulse  energy  of  the  THz  radiation  from  the 
main  emitter  normalized  to  the  emission  without  the  background 
field.  For  Atgen=  0  ps  an  increase  by  a  factor  of  2.7  is  observed 
due  to  the  amplification  by  the  THz  background  radiation.  This  is 
in  good  agreement  with  the  numerical  results  shown  as  dashed 
curve. 


Such  a  broadband  amplification  could  be  hardly  achieved  by  stimulated  emission  due  to  mode  competition  effects  and  the 
difficulty  to  achieve  gain  over  such  a  broad  spectral  range. 

To  demonstrate  the  amplification  effect  more  clearly  a  bolometer  is  used  to  detect  the  time-integrated  emission  power  of  the 
main  emitter,  i.e.  the  emitted  energy  is  measured  directly.  The  dashed  area  in  Fig.  3  marks  4e  modification  in  the  setup 
needed  to  detect  only  the  emission  form  the  main  emitter  (Sg)  using  standard  lock-in  technique.  Fig.  5  shows  the  observed 
signal  normalized  to  the  unamplified  value  in  dependence  of  the  temporal  overlap  of  the  two  pulses.  For  Atg„=  0  ps  an 
increase  of  the  signal  by  a  factor  of  2.7  is  observed,  corresponding  to  the  coherent  field  addition  already  seen  in  the  time- 
resolved  field  detection  experiment.  As  only  the  radiation  energy  emitted  fi'om  the  main  emitter  (Sp)  is  detected,  this  proves 
directly  the  amplification  of  the  emission  of  Sp.  This  observation  is  confirmed  by  conparison  of  the  detected  signal  with  the 
one  calculated  from  the  cross-correlation  of  the  time  resolved  signals,  shown  in  figure  4.  The  result  of  this  calculation  is 
plotted  in  figure  5  as  a  dashed  line.  The  amplitude  of  the  amplification  is  reproduced  well.  The  slight  modification  in  the 
signal  form  is  attributed  to  the  restricted  bandwidth  of  the  time  resolved  detection  using  dipole  antennas.  In  conclusion,  this 
experiment  demonstrates,  that  it  is  possible  to  amplify  THz  radiation  by  phasematched  coherent  superposition  even  over  a 
broad  spectral  range.  This  result  gains  more  importance,  as  this  measurement  can  additionally  be  interpreted  as  an  analysis  of 
the  first  round-trip  of  the  amplification  in  a  resonator,  indicating  its  potential  as  a  self-supporting  coherent  amplification 
mechanism. 


4.  AMPLIFICATION  IN  A  THZ  RESONATOR 

We  finally  demonstrate  the  feasibility  of  repetitive  amplification  by  coherent  superposition  in  a  resonator  setup.  In  this 
approach,  the  resonator  couples  the  emitted  radiation  back  and  makes  use  of  it  as  the  background  radiation  which  amplifies 
the  next  THz  generation  process.  Fig.  6  shows  the  ring  resonator  setup  used  for  our  experiment.  Gold  coated  mirrors  are  used 
in  order  to  guarantee  a  high  reflectivity  of  the  resonator.  The  whole  system  is  flushed  with  nitrogen  to  reduce  the  strong  water 
absorption  in  the  4m  resonator  pathway.  The  THz  radiation  in  the  resonator  is  probed  and  analyzed  in  a  time-resolved 
extracavity  detection  scheme  using  photoconductive  dipole  antennas.  The  radiation  is  extracted  using  a  10%  output  coupler. 
To  ensure  a  phasematched  superposition  imder  synchronous  pumping,  the  roundtrip-time  of  the  THz  resonator  has  to  be 
adjusted  exactly  to  the  repetition  rate  T„p  of  the  optical  laser  exciting  the  THz  emitter.  The  detuned  situation  (not  shown) 
allows  nevertheless  to  detect  separately  the  single  round-trips  allowing  to  estimate  the  losses  of  the  resonator.  In  our  case, 
about  50%  of  the  amplitude  is  lost  during  a  roundtrip,  which  limits  the  amplification  factor  in  this  resonator  setup  to  about 
seven.  Figure  6  shows  the  detected  field  transients  under  resonance  for  the  normal  (dashed  line)  and  amplified  emission 
(solid  curve).  Obviously  the  field  amplitude  has  increased  by  more  than  a  factor  of  two  showing  a  more  than  sixfold 
enhancement  of  the  THz  radiation  power.  Currently,  the  amplification  is  limited  by  the  high  resonator  losses,  but  this  data 
should  be  regarded  more  as  a  proof  of  principle,  than  as  a  record  value  for  the  anplification  effect.  To  estimate  the  bandwidth 
of  the  amplification  process  the  power  spectrum  is  calculated  from  the  observed  signals  using  FFT-procedures.  Figure  7 
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shows  the  values  for  the  normal  (n)  and  the  amplified 
emission  (v).  As  guide  to  the  eye  gauss  ctirves  are  fitted  to 
the  data  allowing  to  estimate  the  amplification 
characteristics  out  of  the  fitting  parameters.  The  bandwidth 
of  about  600  GHz  as  well  as  the  central  fi-equency  around 
600  GHz  is  not  altered  by  the  amplification  process  at  all. 
On  average,  the  power  of  the  radiation  has  been  increased 
by  a  factor  of  about  5,  whereas  peak  amplification  factors 
above  6  are  reached.  Summarizing,  the  presented  analysis 
demonstrates  the  possibility  for  the  broadband  self- 
supporting  amplification  of  coherent  THz  radiation  by 
coherent  superposition  in  a  synchronously  pumped  ring- 
resonator.  Currently  the  amplification  factor  is  only  limited 
by  the  resonator  losses,  which  are  on  the  order  of  60%  per 
round  trip. 

5.  CONCLUSIONS 

In  this  presentation  we  present  a  new  method  to  amplify  the 
THz  emission  power  by  a  phasematched  superposition  with 
a  coherent  background  THz  radiation  during  the  emission 
process.  This  new  parametric  amplification  scheme  can  be 
applied  to  most  impulsively  excited  THz  emitters,  as  no 
population  inversion  is  required.  The  amplification  is 


demonstrate  the  repetitive  amplification  of  the  THz  emission.  The 
round  trip  time  has  to  be  adjusted  to  the  repetition  rate  (x^ep)  of  the 
laser  to  ensure  coherent  superposition. 


experimentally  proven  by  performing  single-pass 
amplification  experiments  detecting  both  time-resolved  field  amplitudes  as  well  as  the  time-integrated  power  corresponding 
to  the  THz  energy.  The  performed  single-pass  experiments  demonstrate  an  emission  power  increase  which  scales  with  the 
amplitude  of  the  THz  background  field.  The  repetitive  THz  amplification  is  then  experimentally  demonstrated  in  a  THz  ring- 
resonator.  The  presented  experiments  demonstrate  the  feasibility  of  using  this  process  as  an  alternative  to  stimulated  emission 
in  order  to  develop  flexible  efficient  sources  of  coherent  THz  radiation.  This  new  amplification  process  can  now  be  applied  to 
a  wide  class  of  THz  emitters,  fomenting  the  broad  application  of  time-domain  THz  technologies. 
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Fig.  7  Electric  field  amplitude  for  the  direct  (dashed  curve)  and  the  amplified  (full  line)  emission  (left).  The  amplitude  is 
enhanced  by  more  than  a  factor  of  two,  yielding  approximatedly  a  sixfold  power  increase. 
The  right  figure  depicts  the  corresponding  power  FFT  for  the  amplified  (v)  and  the  normal  (a)  emission.  A  Gauss  curve  is  fitted  to 
experimental  data  to  demonstrate  the  high  bandwidth  of  the  THz  amplification  process  (around  650  GHz,  limited  by  the  bandwidth 
of  the  original  signal).  An  average  amplification  factor  of  about  5  is  observed. 
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ABSTRACT 

We  introduce  two  modifications  of  the  technology  of  optoelectronic  continous-wave  (cw)  THz  spectroscopy.  The  first 
relates  to  the  optoelectronic  generation  of  cw  THz  radiation  by  heterodyne  downconversion  (photomixing)  of  two 
laser  beams.  We  present  a  cw  TirSapphire  laser  with  a  simultaneous  output  at  two  independently  tunable  colors 
which  are  used  for  the  mixing  process.  Two  alternative  cavity  designs,  a  linear  a-shaped  cavity  and  a  ring  cavity, 
have  been  realised.  A  comparison  with  respect  to  tunability,  bandwidth,  stability  and  experimental  handling  will 
be  given.  The  second  improvement  relates  to  the  detection  of  cw  THz  radiation.  We  discuss  detection  schemes 
which  are  based  on  the  electro-optic  effect  in  nonlinear  media  and  employ  the  concept  of  quasi-phasematching  for 
the  enhancement  of  the  sensitivity. 

Keywords:  THz  generation,  photomixing,  electrooptic  detection 

1.  INTRODUCTION 

During  the  last  ten  years  the  THz  (far-infrared)  region  of  the  electromagnetic  spectrum  has  regained  the  interest 
of  spectroscopic  research.  On  these  grounds  applications  in  imaging  and  inspection  have  recently  been  identified  to 
be  realistic  goals  of  research. The  switching  of  photoconductive  antennae  by  optical  femtosecond  (fs)  pulses  has 
been  established  as  a  successful  way  for  the  generation  of  pulsed,  broadband  and  coherent  THz  radiation.  Optically 
gated  photoconductive  and  electro-optic  detection  enables  the  sensitive  measurement  of  the  amplitude  and  phase  of 
the  electric  THz  field. 

In  spite  of  the  success  of  fs-laser-based  THz  spectroscopy,  continous-wave  (cw)  THz  systems  exhibit  numerous 
advantages.  They  have  higher  average  power  at  every  single  frequency  they  are  tuned  to.  Their  size  and  costs  will 
be  much  smaller  due  to  the  lack  of  a  complex  optical  fs  source.  While  the  spectral  resolution  of  pulsed  THz  systems 
is  limited  by  the  time  delay  between  the  gating  pulses  of  the  emitter  and  the  detector,  the  frequency  resolution  of  a 
cw  system  is  limited  only  by  the  bandwidth  of  the  emitted  THz  radiation. 

While  in  the  past  much  more  work  has  been  devoted  to  femtosecond-laser-based  systems,  cw  techniques  have 
increasingly  gained  more  attention.  Heterodyne  downconversion,  or  photomixing,  of  two  cw  laser  beams  has  proven 
to  be  a  successful  way  to  generate  narrow-band  radiation  in  the  terahertz  spectral  region.  The  first  demonstration  of 
efficient  and  frequency-tunable  photomixing  in  a  low-temperature-grown  (LT)  GaAs  antenna  by  Brown  et  al.^’‘*  has 
induced  intense  activities  centering  mainly  on  the  selection  of  suitable  laser  sources  for  the  mixing  process.  In  their 
ground-breaking  work.  Brown  et  al.  mixed  the  radiation  from  two  independent  Ti:sapphire  lasers.  Subsequently, 
a  multitude  of  concepts  based  on  semiconductor  diode  lasers  has  been  proposed  and  investigated,  the  dual-beam 
sources  being  either  two  independently  running  lasers,®’®  pairs  of  actively  frequency-locked  lasers,^  individual  lasers 
with  dual-®  or  multi-mode  emission®’^®  or  coupled-cavity  diode  lasers. 

Although  diode  lasers,  for  obvious  reasons,  will  be  the  sources  of  choice  for  future  technological  appplications,  it 
is  not  to  be  forgotten  that  Ti:sapphire  sources  offer  a  reliable  alternative  for  terahertz  spectroscopy  in  the  laboratory 
and  for  the  exploration  of  new  application  areas  of  terahertz  radiation  because  they  exhibit  continuous  tunability 
over  a  large  frequency  range,  high  output  power,  excellent  frequency  stability  and  operational  robustness.  Instead 
of  two  independent  Ti:sapphire  lasers,  however,  as  in  the  pioneering  work  of  Brown  et  ah,®  one  would  prefer  to  run 
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a  single  laser  with  two-color  output.  Indeed,  the  literature  discusses  Ti:sapphire  lasers  with  dual-beam  emission, 
mainly  as  mode-locked  lasers  for  fs  spectroscopic  applications, but  also,  less  frequently,  as  cw  sources. 

In  the  latter  case,  following  the  concept  of  Ref.  19,  a  linear  a-shaped  cavity  was  developed  for  lidar  and  second- 
harmonic  applications  and  does  not  allow  a  wavelength  separation  of  the  two  colors  of  less  than  10  nm  (corresponding 
to  a  frequency  difference  of  not  less  than  5  THz),  a  severe  limitation  for  THz  spectroscopy.  The  linear-  and  ring- 
cavity  systems  with  self-injection  tuning  reported  in  Ref.  20,  on  the  other  hand,  provide  only  limited  bandwidth 
control  which  may  not  be  sufficient  to  suppress  wavelength  fluctuations  of  the  beams  and  which  do  not  allow  fully 
independent  tuning. 

The  laser  features  desired  for  general  terahertz  spectroscopic  applications  are  dual-wavelength  emission  with  (i) 
as  narrow  a  bandwidth  of  each  beams  as  possible,  (ii)  an  unrestricted  wavelength  tunability  of  both  beams,  and  (iii) 
a  high  output  power  of  the  beams.  Furthermore,  for  photomixing  in  a  photoconductive  antenna  one  can  accept  a 
total  output  power  of  both  beams  only  on  the  order  of  100  mW  as  more  power  is  not  usable  because  of  the  danger 
of  damaging  the  photoconductive  antenna.'* 

The  requirements  for  photomixing  purposes  but  also  for  more  general  terahertz  spectroscopic  applications  can  be 
fulfilled  with  modifications  of  the  laser  designs  of  Ref.  19  and  Ref.  20.  The  lasers,  to  be  described  below,  are  pumped 
by  a  single  pump  beam  and  provide  two  fully  tunable,  narrow-bandwidth  output  beams.  In  the  following,  we  discuss 
two  different  layouts,  a  a-shaped  cavity  with  parallel-beam  output^*  and  a  ring-cavity  with  collinear  emission.  The 
performance  characteristics  are  discussed  with  an  emphasis  on  the  tuning  properties  and  the  achievable  bandwidth 
control. 

Until  recently  the  detection  of  cw  THz  radiation  was  always  carried  out  with  bolometers.  Last  year,  however, 
Verghese  et  al.^^  showed  that  it  is  possible  to  perform  optoelectronic  detection  of  cw  THz  radiation  with  a  pho¬ 
toconductive  antenna.  This  method  allows  determination  of  both  the  amplitude  and  phase  of  the  THz  wave.  An 
alternative  way  to  detect  THz  radiation  is  to  utilize  the  electro-optic  (EO)  effect  which  is  induced  by  the  THz  beam 
in  a  nonlinear  crystal.  Up  to  now  this  approach  has  only  been  implemented  in  fs-laser-based  THz  systems  where 
it  was  first  demonstrated  by  Zhang  et  al.^^  in  1995.  Since  then  great  progress  has  been  made  and  the  detection 
sensitivity  has  been  increased  to  a  level  on  the  order  of  A//J  =  Thus  the  detectivity  is  comparable 

to  that  of  antennae  if  not  better.  We  investigate  the  possibility  to  realise  an  EO  detection  scheme  for  cw  THz 
radiation.  As  the  absolute  THz  power  in  the  cw  case  is  lower  than  in  the  pulsed  systems,  efforts  have  to  be  made 
to  further  increase  the  sensitivity.  A  promising  concept  is  that  of  quasi-phase-matching.  We  present  proposals  for 
practical  experimental  setups  and  discuss  modifications  of  these  schemes  which  would  also  allow  cw  THz  generation 
by  difference  frequency  mixing  in  EO  media. 

2.  DUAL-COLOR  LASERS 

We  now  focus  on  the  description  of  the  dual-color  laser  systems.  Figure  1  displays  the  layout  of  the  laser  cavities. 
Figure  1  (a)  showing  the  linear,  Q-shaped  resonator  with  a  round-trip  length  of  1.36  m  (spacing  of  the  longitudinal 
modes:  0.47  pm,  or  219.5  MHz),  whereas  part  (b)  presents  the  ring  resonator  with  a  passive  feedback. 

Both  lasers  are  pumped  by  all  lines  of  a  Coherent  argon-ion  laser  with  an  output  power  of  6  W.  The  Ti:Sapphire 
crystal,  bought  from  Casix,  is  doped  with  Ti®"'"  ions  at  a  relative  concentration  of  0.1  %,  the  figure  of  merit  (FOM) 
of  the  crystal  is  specified  as  >200.  The  15-mm-long  Brewster-cut  crystal  absorbs  96  %  of  the  pump-laser  radiation. 
For  proper  laser  operation  it  is  crucial  to  carefully  align  the  optical  axis  of  the  crystal  in  such  a  way  that  the  crystal 
does  not  act  as  a  birefringent  filter  inside  the  cavity. 

2.1.  Experimental  setup 

The  spectral  characteristics  of  the  laser  radiation  is  analyzed  with  a  TEK  1.25-m  monochromator  equipped  with  a 
2048-element  CCD  sensor  at  the  place  of  the  exit  slit.  The  system  covers  a  spectral  range  of  28.6  nm  with  a  nominal 
pixel  resolution  of  0.014  nm.  The  actual  resolvable  bandwidth  of  the  spectrometer  is  determined  with  a  HeNe  laser 
to  be  2. 5-3. 5  pixels  corresponding  to  a  wavelength  (frequency)  resolution  of  0.035-0.05  nm  (16-24  GHz). 

In  addition,  we  investigate  the  temporal  coherence  of  the  radiation  of  each  beam  for  the  a-cavity  with  a  Michelson 
interferometer  with  unequal  lenths  of  the  two  arms.  We  select  a  fixed  path  difference  of  2  m.  If  an  interference  pattern 
is  observed  with  good  visibility,  the  linewidth  of  the  radiation  h2is  an  upper  limit  of  150  MHz. 
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a)  b) 

Figure  1 .  Schematics  of  the  resonator  designs  of  a)  the  linear  a-cavity,  b)  the  ring  cavity. 


The  noise  and  mode  properties  of  the  laser  with  the  a-cavity  are  studied  with  the  help  of  an  electronic  frequency 
analyzer  model  Tektronix  494P.  The  spectrum  analyzer  allows  us  to  determine  whether  laser  emission  occurs  on 
individual  longitudinal  modes  or  on  an  ensemble  of  these. 

2.1.1.  a-cavity 

The  a-shaped  linear  cavity  consists  of  five  mirrors,  three  of  them  being  shared  by  both  beams  while  two  mirrors 
in  the  wavelength-selection  segment  are  used  by  either  beam  only.  The  dielectric  coating  of  the  mirrors  is  centered 
at  800  nm  spanning  a  high-reflectivity  range  of  100  nm.  The  radius  of  curvature  of  the  focusing  mirrors  is  10  cm. 
Through  one  of  these  mirrors,  the  argon-laser  pump  beam  is  focused  onto  the  crystal  with  a  lens  of  5  cm  focal 
length.  The  focusing  mirrors  are  tilted  (angle  between  incoming  and  reflected  beams:  27°)  in  order  to  compensate 
for  the  astigmatism  induced  by  the  laser  crystal.^®  Under  all  operation  conditions  to  be  discussed,  for  single-and 
double-beam  emission,  laser  action  with  a  circular  TEMqo  Gaussian  mode  showing  no  sign  of  astigmatism  is  achieved. 

The  alignment  procedure  of  the  laser  is  as  follows.  The  resonator  is  first  adjusted  as  a  single-beam  cavity  in 
such  a  way  that  it  is  possible  to  move  the  laser  beam  horizontally  on  the  output-coupling  mirror  by  rotation  of  the 
flat  high-reflecting  mirror  denoted  by  A.  A  birefringent  filter  (Lyot  filter)  operated  under  Brewster’s  angle  serves 
as  a  wavelength-tuning  element.  It  consists  of  three  quartz  plates  with  a  thickness  ratio  of  1:4:16  and  a  thickness 
of  the  thinnest  plate  of  0.013  inches.  The  optical  axes  of  the  plates  are  parallel  to  the  surfaces  of  the  plates.  Upon 
optimum  alignment,  the  laser  output  power  at  the  gain  maximum  is  750  mW  for  am  output-coupler  transmission 
of  2%.  Subsequently,  the  two-beam  option  is  implemented  by  inserting  a  60°-flint-glass  prism  at  Brewster’s  angle, 
a  second  Lyot  filter  and  a  second  high-reflecting  mirror  denoted  by  B  as  shown  in  Fig.  1  (a).  The  two  beams  are 
parallel  at  the  output  coupler  with  a  separation  of  approximately  4  mm  from  each  other.  Their  relative  power  is 
adjusted  by  control  of  the  horizontal  position  of  the  output  coupler.  The  total  power  for  both  beams  together  is  on 
the  order  of  250  mW. 

The  overall  loss  in  output  power  in  the  two-beam  configuration  compared  to  the  single-beam  setup  results  from 
the  fact  that  the  gain  for  both  beams  is  provided  by  a  single  pump  beam.  Under  these  conditions,  it  is  impossible 
to  achieve  optimum  mode  overlap  between  the  pump  beam  and  the  two  laser  beams.  Interestingly,  the  laser  beams 
do  not  exhibit  a  tendency  to  run  at  higher  lateral  modes  simultaneously  with  the  fundamental  TEMqo  Gaussian 
modes.  Upon  misalignment  of  the  respective  cavity,  the  fundamental  mode  disapears  completely  and  is  replaced 
by  higher-order  modes.  When  the  cavities  are  properly  aligned,  no  measures  are  required  to  suppress  higher-order 
modes.  For  that  reason,  we  operate  the  laser  without  apertures  in  the  cavities. 

2.1.2.  Ring  cavity 

The  ring  resonator  (Fig.  1  (b))  can  be  obtained  from  the  a-cavity  by  positioning  one  of  the  high-reflectors  and  the 
output  coupler  in  a  way  that  a  figure-of-eight-like  resonator  is  formed.  The  scheme  which  is  used  to  tune  the  ring 
laser,  so-called  passive  self-injection,  has  been  described  by  Gorris-Neveux  et  al.^°  The  concept  is  as  follows.  The 
two  waves  travelling  in  the  clockwise  and  anti-clockwise  direction  allow  to  couple  out  two  beams  at  the  2-%  output 
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coupler.  One  is  extracted  and  steered  to  the  experiment,  the  other  provides  feedback  to  the  laser.  In  the  feedback 
arm  a  grating  combined  with  one  of  the  feedback  mirrors  selects  only  one  color  to  be  reflected  back  into  the  cavity. 
In  order  to  run  the  laser  at  two  colors,  a  polarizing  beam  splitter  together  with  a  second  mirror  couples  a  second 
color  back  into  the  cavity.  The  half-wave  plate  in  front  of  the  beam  splitter  allows  to  balance  the  intensity  of  the 
two  feedback  beams.  Upon  optimum  alignment  a  total  output  power  of  800  mW  for  single  color  operation  can  be 
obtained.  For  two-color  operation  an  ouput  power  of  700  mW  equally  split  into  the  two  colors  is  achieved. 

It  should  be  noted  that  the  main  resonator  does  not  contain  any  frequency-flltering  element,  frequency  selection 
occurs  only  in  the  secondary  feedback  cavity.  The  tuning  scheme  thus  relies  on  the  fact  that  the  Ti:sapphire  crystal  is 
a  predominantly  homogenously  broadened  laser  medium  where  mode  competition  determines  the  lasing  frequencies. 

2.2.  Laser  characteristics  for  single— beam  operation 

It  is  instructive  to  investigate  the  spectral  characteristics  of  each  beam  individually  while  the  other  beam  is  blocked. 
We  point  out,  however,  that  the  spectral  characteristics  for  dual-beam  lasing  are  found  to  be  the  same  as  those  to 
be  presented  now  for  single-beam  lasing. 

2.2.1.  Q-cavity 

We  first  discuss  the  lasing  properties  of  the  o-cavity.  The  measurements  are  made  for  beam  A  where  wavelength 
tuning  is  performed  with  a  three-plate  Lyot  Alter.  Figure  2  (a)  shows  the  spectrum  of  the  laser  beam  monitored 
with  the  spectrometer. 


Figure  2.  Emission  spectra  for  single-color  operation  of  a)  the  a-cavity,  b)  the  ring  cavity. 

A  resolution-limited  emission  profile  is  obtained.  The  graph  consists  actually  of  five  camera  shots  each  taken 
a  few  seconds  after  the  other.  The  profiles  overlap  nearly  perfectly.  No  changes  of  the  line  position  and  the  line 
shape  are  observed  for  repeated  shots  indicating  good  bandwidth  control  over  the  spectral  range  as  resolved  by  the 
spectrometer. 

In  order  to  obtain  more  information  on  the  modal  characteristics,  HF  measurements  with  the  electronic  spec¬ 
trum  analyzer  are  performed.  The  spectrum,  not  shown  here,  consists  of  a  series  of  lines  separated  by  219.5  MHz 
which  correspond  to  an  interference  of  adjacent  longitudinal  cavity  modes.  The  first  five  interference  lines  appear 
sporadically,  only  the  6th  line  at  1.3174  GHz  is  present  permanently.  Modes  even  further  apart  are  not  resolved  by 
the  spectrum  analyzer.  This  behavior  is  quite  independent  of  the  chosen  laser  wavelength. 

These  data  suggest  that  the  laser  runs  predominantly  on  two  longitudinal  modes  simultaneously.  Operation  at 
adjacent  longitudinal  modes  is  less  favorable  than  operation  at  modes  with  a  larger  frequency  separation  (one  mode 
plus  a  mode  with  six  times  the  cavity  mode  spacing).  Adjacent  longitudinal  modes  can  only  be  excited  strongly 
when  lasing  is  disturbed,  e.g.  by  externally  induced  mechanical  vibrations  or  by  vigorously  blowing  air  through  the 
resonator. 
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In  order  to  distinguish  the  relative  strengths  of  the  two  running  longitudinal  modes,  additional  measurements  are 
performed  with  the  Michelson  interferometer.  We  observe  well-resolved  interference  fringes.  Typically,  the  fringe 
pattern  is  stable  for  seconds  at  a  time  before  instabilities  blur  the  pattern  briefly. 

Upon  visual  inspection,  we  do  not  discern  a  superstructure  on  top  of  the  fringe  structure  as  expected  when  the 
pattern  is  determined  by  two  modes  of  similar  strength.  The  6th-higher  mode  hence  is  either  much  weaker  than  the 
1st  mode  or  it  does  not  run  permanently  (although  it  must  appear  often  on  the  time  scale  of  the  integration  time  of 
the  spectrum  analyzer). 

In  summary,  the  clear  visibility  of  the  single-mode  interference  pattern  in  the  measurements  with  the  Michelson 
interferometer  indicates  that  the  laser  has  a  tendency  to  run  on  a  single  longitudinal  mode.  The  coherence  length  of 
the  radiation  is  at  leaist  2  m  corresponding  to  an  upper  limit  of  the  linewidth  of  150  MHz.  The  bandwidth  restriction 
by  the  Lyot  Alter  is,  however,  not  strong  enough  to  prevent  lasing  on  additional  modes  but  these  run  at  much  lower 
average  power. 

For  lasing  along  beam  path  B,  where  frequency  selection  occurs  with  the  help  of  a  two-plate  Lyot  filter  and  a 
prism,  equivalent  results  for  the  bandwidth  are  obtained. 

2.2.2.  Ring  cavity 

Figure  2  (b)  displays  a  single-shot  spectrum  of  the  laser  radiation  emitted  from  the  ring  cavity  during  single-color 
operation.  The  spectrum  consists  of  a  multitude  of  lines  covering  a  wavelength  range  of  about  0.4  nm  bandwidth. 
The  emission  spectrum  is  much  broader  than  that  of  the  a-cavity  described  above.  We  could  not  confirm  the  results 
of  Gorris-Neveux  et  al.^°  who  report  the  emission  of  a  single  longitudinal  mode  from  a  ring  cavity.  We  observe  strong 
fluctuations  of  the  spectrum  indicating  insufficient  bandwidth  control.  The  application  of  Fabry-Perot  interference 
filters  in  the  feedback  arm  of  Gorris-Neveux  et  al.  may  have  provided  a  stronger  bandwidth  restriction  not  reached 
with  the  grating  in  our  setup.  It  is  pointed  out,  however,  that  the  addition  of  Lyot  filters  into  the  feedback  arm  did 
not  improve  the  spectral  characterstics  of  the  laser  spectra.  This  matter  certainly  requires  further  investigation. 

2.3.  Two-color  operation 

In  the  following,  laser  operation  in  the  dual-mode  configuration  is  investigated.  The  spectral  characteristics  of  the 
single-beam  operation  discussed  before  are  found  reproduced  in  the  dual-beam  case  for  both  cavity  designs.  There¬ 
fore,  we  will  not  address  the  modal  characteristics  again  in  this  section,  but  rather  focus  on  the  tuning  characteristics 
for  stable  two-color  operation  of  the  laser. 

2.3.1.  a-cavity 

Independent  tuning  of  both  beams  First  the  a-resonator  will  be  discussed.  Beam  A  is  tuned  with  a  three- 
plate  Lyot  filter,  beam  B  with  a  two-plate  filter  and  the  prism.  It  is  emphasized  that  both  beams  can  be  tuned 
independently  from  each  other,  with  the  maximum  tuning  range  limited  only  by  the  reflectivity  of  the  resonator 
mirros.  Stable  two-color  laser  operation  is  achieved  for  both  output  powers  being  balanced.  Even  if  the  output 
powers  of  the  two  beams  differ  by  as  much  as  a  factor  of  ten  a  stable  operation  is  possible  because  of  vastly  different 
laser  gain  at  the  operation  wavelengths. 

For  applications  in  a  tunable  THz  source,  it  is  also  desirable  to  reach  very  low  difference  frequencies.  Wavelength 
differences  of  the  two  beams  corresponding  to  the  resolution  limit  of  the  spectrometer  of  about  20  GHz  could  be 
observed.  There  is  no  indication  for  a  loss  in  lasing  stability  when  the  wavelengths  are  so  close  together.  In  fact,  the 
wavelength  difference  can  even  be  reduced  further  without  problems. 

The  solid  line  of  Fig.  3  (a)  presents  the  wavelength  dependence  of  the  output  power  of  beam  A  when  beam  B 
(the  arm  with  prism  and  Lyot  filter)  is  held  fixed  at  a  wavelength  of  799  nm.  At  each  wavelength  setting  of  Fig.  3 
(a),  the  beams  are  adjusted  to  the  same  power  level  as  one  would  choose  to  do  for  photomixing  of  the  beams  in  a 
photoconductive  antenna  in  order  to  achieve  full  modulation  of  the  mixing  signal.  In  the  region  of  maximum  gain, 
an  output  power  of  125  mW  per  beam  is  reached.  The  shght  modulation  on  the  curve  is  likely  to  be  a  consequence 
of  a  residual  misalignment  of  the  optical  axis  of  the  Ti:sapphire  laser  crystal  leading  to  a  frequency  dependence  of 
its  transmissivity  because  of  uncompensated  birefringence.  For  other  wavelengths  of  beam  B,  away  from  the  gain 
maximum,  similar  tuning  curves  of  beam  A  are  obtained,  however  at  reduced  output  powers  which  reflects  the  lower 
gain  for  beam  B.  Both  lines  can  be  independently  tuned  over  a  range  of  100  nm  which  corresponds  to  a  difference 
frequency  of  50  THz. 
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It  is  pointed  out  that  one  can  achieve  even  higher  output  powers  with  a  different  output-coupler  transmissivity. 
Replacing  the  2-%  output  coupler  for  a  4-%  coupler  allows  us  to  reach  an  output  power  of  150  mW  (instead  of 
125  mW)  per  beam  at  the  gain  maximum  without  a  degradation  of  the  laser  performance. 


Tuning  with  a  fixed  frequency  difference  The  dashed  line  of  Fig.  3  (a)  displays  the  tuning  characteristics  of 
the  dual-color  laser  when  both  colors  are  tuned  simultaneously  with  a  constant  relative  wavelength  separation  of 
7  nm  (frequency  separation:  from  2.95  THz  at  840  nm  to  3.8  THz  at  740  nm).  The  overall  tuning  range  as  well  as 
the  absolute  values  of  the  output  power  differ  little  from  the  results  obtained  for  single-beam  tuning  (solid  line). 


Figure  3.  Tuning  range  for  a)  the  linear  o-cavity,  b)  the  ring  cavity. 

The  mode  of  operation  discussed  so  far  produces  two  parallel  but  non-collinear  output  beams  at  different  colors. 
As  a  remark,  we  point  out  that  the  resonator  can  be  converted  into  a  laser  emitting  two  collinear  beams  which  can 
be  tuned  together  at  a  fixed  wavelength  difference.  For  that  purpose,  one  removes  beam  A,  converts  the  Lyot  filter 
in  the  original  beam  path  B  to  a  single-plate  filter  (retaining  only  the  thinnest  of  the  three  plates),  and  rotates  the 
optical  axis  of  the  Ti:sapphire  crystal.  The  laser  crystal  itself  now  acts  as  a  birefringent  filter  that  determines  the 
wavelength  separation  of  the  laser  modes.  The  Lyot  filter  and  the  prism  in  the  original  beam  path  B  allow  to  select 
wavelength  pairs  within  a  large  part  of  the  tuning  range  of  the  laser.  We  have  tested  this  mode  of  operation  with  a 
5.2-nm  wavelength  separation  resulting  from  the  rotation  of  the  optical  axis  of  the  Ti:sapphire  crystal  by  just  a  few 
degrees.  Without  the  Lyot  filter  and  the  prism  in  the  original  beam  path  B,  the  laser  runs  at  a  comb  of  wavelengths. 
With  these  additional  filter  elements,  however,  lasing  occurs  only  at  two  wavelengths  that  can  be  shifted  in  unison. 
The  emission  at  the  two  colors  is  collinear. 

2.3.2.  Ring  cavity 

Figure  3  (b)  displays  the  tuning  range  of  the  laser  with  the  ring  resonator.  The  solid  curve  H  shows  the  tuning  range 
observed  with  the  setup  as  given  in  Fig.  1  (b).  We  obtain  a  bandwidth  of  30  nm  around  the  natural  gain  maximum 
of  the  laser  at  785  nm,  where  both  colors  can  be  tuned  independently.  This  corresponds  to  a  relative  frequency 
difference  of  the  two  colors  between  approximately  20  GHz  and  13  THz.  Over  the  whole  frequency  range  both  colors 
emit  at  equal  powers  of  about  330  mW  per  beam. 

For  electro-optic  detection  schemes  it  is  desirable  to  tune  the  optical  frequency  to  a  position  above  or  below  the 
featured  bandwidth.  This  can  be  achieved  by  inserting  a  one-plate  Lyot  filter  into  the  main  resonator.  Typical 
spectra  measured  in  this  configuration  are  given  by  the  graphs  plotted  with  dotted  lines  and  denoted  by  S  in  Fig.  3 
(b).  Each  of  the  curves  represents  a  different  frequency  setting  of  the  lyot  filter.  The  tuning  range  and  the  output 
power  are  further  reduced,  but  the  center  frequency  can  now  be  shifted  freely.  The  observed  effect  can  be  explained 
as  a  shift  of  the  system’s  gain  curve  by  the  Lyot  filter.  Due  to  the  relatively  broad  bandwidth  of  the  one-plate  Lyot 
filter  two  colors  can  still  be  emitted  simultaneously. 
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2.4.  Comparison  between  the  two  laser  configurations 

The  two  cavity  designs  have  to  be  thoroughly  compared  with  respect  to  their  application  in  tunable  cw  THz-signal 
generation.  If  a  wide  tunability  up  to  THz  frequencies  as  high  as  50  THz  is  required  again  the  a-cavity  will  be  the 
system  of  choice  as  the  ring  cavity  is  restricted  to  frequencies  up  to  13  THz.  On  the  downside  one  has  to  consider 
two  shortcomings  of  the  a-cavity.  The  first  is  its  relatively  low  output  power  and  the  second  the  non-collinearity 
of  the  emitted  colors.  The  latter  disadvantage  makes  the  alignment  of  the  photomixer  more  complicated  than  for 
the  collinear  colors  emitted  from  the  ring  cavity.  The  first  disadvantage  is  uncritical  as  long  as  the  power  which 
can  be  used  for  photomixing  is  limited  by  the  damage  threshold  of  the  photomixers.  The  power  is  sufficient  for 
photoconductive  generation  and  detection  of  THz  radiation. 

In  conclusion,  it  is  obvious  that  the  a-cavity  is  much  more  favourable  for  THz  photomixing  applications  than  the 
ring  cavity  at  least  in  its  present  form.  What  makes  the  ring  cavity  attractive  are  its  high  output  power  (resulting 
from  the  fact  that  the  main  cavity  contains  only  the  gain  medium  and  no  filter  element)  and  the  quasi-unidirectional 
laser  operation  obtained  with  optical  feedback  (see  Ref.  20)  which  prevents  the  formation  of  longitudinal  modes  and 
thus  beating  between  such  modes.  Before  these  inherent  advantages  can  be  exploited,  however,  it  requires  much 
improvement  of  the  stability  of  the  laser  emission. 

3.  QUASI-PHASE  MATCHED  ELECTRO-OPTIC  THZ  GENERATION  AND 

DETECTION 

The  use  of  electrooptic  (EO)  crystals  for  pulsed-THz  generation  and  detection  has  been  widely  researched  in  recent 
years, and  is  often  the  method  of  choice  in  terms  of  sensitivity,  tolerable  power  threshold,  ultrafast  time 
response  and  ease  of  implementation.  However,  the  use  of  such  techniques  has  not  yet  been  reported  in  the  case  of 
cw-THz,  even  though  with  the  intensity  modulation  of  an  intense  two  color  cw  optical  source  and  the  improved  EO 
materials  available,  cw-THz  generation  and  detection  has  become  a  realisable  goal.  As  the  second  order  non-linear 
processes  involved  are  inherently  weaker  for  cw  waves  than  in  the  pulsed  case,  attempts  to  increase  the  efficiency  of 
EO-THz  processes  are  important. 

Common  to  all  non-linear  optical  processes,  the  most  fundamental  limitations  on  the  efficiency  of  THz  generation 
and  detection  in  electrooptic  (EO)  media  are  absorption,  non-linear  phase  matching  (dispersion)  and  beam  divergence 
(diffraction),  which  limit  the  interaction  length  of  the  process.  Once  an  EO  medium  has  been  selected  that  is 
sufficiently  transparent  at  both  the  desired  THz  frequency  ($1)  and  available  optical  wavelength  (A  =  27rc/w),  and 
that  possesses  an  appreciable  second  order  non-linear  susceptibility  (x^  or  d),  one  must  turn  to  the  problem  of  phase 
matching  the  temporal  interaction  between  the  pump  and  signal  waves. 

In  general,  both  EO-THz  generation  (optical  rectification)  and  detection  (dynamic  polarisation  rotation)  processes 
are  formally  equivalent  to  a  combination  of  sum-  and  difference-  frequency  mixing,  which  involves  the  energy  transfer 
from  two  pump  fields,  Ei  (optical)  and  E2  (optical,  THz),  into  a  signal  field,  E3  (THz,  optical),  each  of  which  can 
be  expressed  as, 

Ej{z,t)  =  Ej{z)exp{iipj)  j  =  1..3,  (1) 

with  a»i  ±  W2  =  Analogous  to  second  harmonic  generation  (SHG),  the  rate  of  energy  transfer  (gain)  into  the 

signal  wave  at  during  copropagation  in  an  EO  crystal  is  governed  by  the  overall  phase  of  the  processes 

ip,  =  ipi  ±  ip2  -  ^3  =  Akz,  (2) 

(where  Afc  =  ki±k2  —  kz  is  the  wavevector  mismatch),  such  that  the  instantaneous  gain,  g{z)  oc  exp(iy!)  .  Integration 
of  g{z)  over  a  crystal  of  length  L  yields  the  net  intensity  gain  G  oc  sin^(AjfcL/2)/(Afc)^  at  W3,  so  that  the  maximum 
useful  crystal  length  is  limited  to  Ic  =  7r/|AA:|,  the  well-known  coherence  length.  In  the  case  of  moderate  THz 
frequencies  (~  5  THz),  this  can  be  written  as  Ic  «  7r/fl|n(H)  —  ng{u})\  where  ng{tjj)  =  n(cu)  -t- is  the  optical 
group  refractive  index.  If  it  is  possible  to  realise  an  optical  wavelength  where  n(f2)  «  ng{u})  then  the  process  is  phase 
matched  and  other  factors  determine  the  maximum  usable  crystal  length. 

However,  in  general  the  condition  for  phase  matching  cannot  be  met,  especially  in  the  case  of  broadband  (pulsed) 
THz  radiation,  where  n(f2)  varies  significantly  over  the  bandwidth,  or  when  a  widely-tunable  laser  source  is  not 
available.  In  such  a  case,  one  is  confined  to  use  a  crystal  length  L  <  Ic,  although  often  this  can  limit  the  strength 
of  the  generated  signal  to  below  useful  or  detectable  levels.  However,  if  after  each  propagation  distance  Ic  one  can 


240 


restore  the  process  phase  ip  back  to  m2it,  m  =  1,2, ...  then  the  process  can  be  quasi-phase  matched,^®  and  the 
usable  propagation  length  and  efficiency  can  approach  that  of  the  phase  matched  case.  To  illustrate  the  domain  of 
applicability  of  such  techniques,  Fig.  3  shows  a  plot  of  the  condition  Ia  >  Ic  (where  I  a  is  a  measure  of  the  absorption 
length,  defined  here  as  U  -  (q(w)  +  for  GaP  over  a  range  of  THz  and  optical  frequencies.^^  This  plot 

clearly  shows  that  apart  from  regions  of  high  THz  or  optical  absorption  and  the  narrow  region  below  10  THz  where 
phase  matching  can  be  achieved  (with  a  tunable  optical  source),  the  coherence  length  is  the  limiting  factor  for  the 
usable  crystal  length.  Hence  it  is  highly  desirable  that  techniques  are  available  that  allow  for  quasi-phase  matching. 


Figure  4.  Domain  of  applicability  for  quasi-phase  matching  (white  regions)  in  GaP  represented  by  the  condition  , 
(and  I A  >  100  iJ,m)  i.e.  coherence  length  limited  propagation.  Dark  regions  correspond  to  the  natural  phase  matched 
tuning  range  of  GaP  and  regions  of  high  THz  and  optical  absorption  (absorption  limited  propagation). 

Figure  3  shows  a  general  schematic  for  quasi-phase  matched  EO  generation  and  detection.  After  the  pump  and 
signal  fields  have  propagated  a  distance  L  <  Ic  (i.e.  tp  =  A<^jv  <  tr/2  ),  the  fields  propagate  some  linear  optical 
system  where  the  process  phase  undergoes  a  shift  of  AipR  =  —Aip^  -I-  m27r)  ,  which  may  be  a  discrete  system  (as 
in  the  case  of  a  reflection)  or  propagation  in  a  second  “phase  correction”  material.  In  the  latter  case,  one  requires 
good  lattice  and  index  matching  between  the  EO  active  and  passive  materials  in  order  to  reduce  backward  reflections 
and  other  interface  effects.  However,  this  is  not  a  requirement  in  the  case  of  a  dispersive  reflection,  where  the  fields 
always  remain  in  the  EO  material. 

One  possible  scheme  for  realizing  a  corrective  phase  shift  by  dispersive  reflection  is  shown  in  Fig.  3(b),  which 
outlines  the  scheme  in  the  case  of  THz  detection.  As  shown,  the  THz  and  optical  pump  beams  with  parallel 
polarization  are  launched  into  the  EO  material  via  a  high-resistivity  silicon  (Si)  prism  and  copropagate  at  6  =  45° 
in  a  non-birefringent  <100>  zinc  blende  crystal  (e.g.  GaP  or  ZnTe)  with  thickness  d  <  lc/cos{6)  =  V2lc  •  From 
consideration  of  the  form  of  the  tensor  in  such  crystals,  this  choice  of  propagation  (e.g  [110])  and  polarization 
(e.g.  [iTl],  TE)  directions  leads  to  the  generation  of  the  copropagating  “signal”  (sum  and  difference  frequency)  fields 
polarised  in  the  [001]  (TM)  direction.  In  the  case  shown,  after  traversing  the  crystal,  the  fields  are  total  internally 
reflected  (TIR),  the  process  phase  undergoing  a  phase  shift  of, 

AipR{6)  =  ipTE{^,6)  ±  <PTEi^,^)  -  Ptm{^  ±  Q,,6)  (3) 

with  the  system  parameters  chosen  such  that  A(Pr{6)  =  —Akd/cos{9)  -I-  m27r  .  Hence  the  fields  begin  the  next 
traversal  of  the  crystal  with  the  process  phase  restored  to  that  of  constructive  amplification,  so  that  after  N  traversals 
the  signal  intensity  gain  is  times  greater  than  from  traversal  of  a  single  crystal,  being  limited  only  by  absorption, 
and  divergence  of  the  THz  beam. 

There  are  several  details  that  warrant  additional  comment  here.  The  use  of  the  Si  prisms  is  to  reduce  reflective 
input  losses  and  to  couple  out  the  optical  beam  after  traversing  the  system.  The  use  of  TIR  can  be  replaced 
by  metallization  of  the  crystal  faces,  which  also  allows  for  engineering  of  the  reflection  phases  through  the  choice 
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Figure  5.  (a)  Generic  representation  of  quasi-phase  matched  THz  generation  and  detection,  (b)  Realization  of  such 
a  scheme  in  the  case  of  THz  detection  in  <100>  zinc-blende  crystals  using  dispersive  phase  reflections  to  restore  the 
non-linear  process  phase. 

of  different  metals.  The  thickness  of  the  crystal  can  be  chosen  (as  far  as  wave  interference  effects  are  negligible) 
to  match  the  particular  coherence  length  of  the  THz  and  optical  fields  employed.  Also,  the  choice  of  a  ^  =  45° 
propagation  geometry  is  not  imperative;  other  propagation  and  polarisation  angles  can  be  chosen  which  still  lead  to 
the  amplification  of  copropagating  signal  fields,  although  the  complexity  of  the  alignment  increases.  However,  the 
case  where  6  is  not  fixed  opens  up  a  useful  degree  of  freedom  in  the  system,  because  both  the  propagation  {A<pn) 
and  reflection  (Aipr)  phase  shifts  can  be  tuned  for  quasi-phase  matching  over  a  range  of  THz  and  optical  frequencies. 
The  exact  details  of  system  design  and  applicability  are  to  be  reported  elsewhere. 

This  novel  realization  of  a  quasi-phase  matched  THz  generation  and  detection  scheme  is  amongst  several  under 
investigation,  and  we  anticipate  that  such  methods  will  play  an  important  role  in  improving  the  scope  of  lower  peak 
power  THz  applications. 
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ABSTRACT 

Impulsive  optical  excitation  of  the  lowest  two  conduction  or  valence  subbands  of  a  GaAs/AlGaAs  double  quantum  well  can 
lead  to  coherent  THz  emission  associated  with  quantum  beating  of  subband  states.  We  find  that  in  the  conduction  band  the 
emission  arises  from  a  time  vaiying  intersubband  polarisation  generally  dominated  by  the  beating  of  continuum  rather  than 
bound  exciton  states.  This  is  apparent  in  the  electric  field  and  excitation  energy  dependence  of  the  frequency  and  amplitude 
of  the  THz  radiation.  Wavepackets  made  up  of  these  continuum  excitons  have  dephasing  times  of  several  picoseconds  even 
for  excitation  an  optical  phonon  energy  above  the  lowest  subband  edge.  The  long  lived  coherence  is  partly  attributed  to  the 
small  energy  difference  between  the  eigenstates,  which  substantially  reduces  the  number  of  relevant  scattering  events,  and 
partly  to  the  very  similar  dispersion  of  the  subbands  which  restricts  dephasing  by  interference.  The  effect  of  interference  is 
revealed  in  systems  with  significant  dispersion  of  the  intersubband  gap.  Two  examples  are  presented:  the  valence  band  of  a 
double  well  and  the  conduction  band  in  the  presence  of  an  in-plane  magnetic  field. 


Keywords:  semiconductor,  quantum  well,  optical,  coherence,  terahertz  radiation,  scattering,  ultrafast 


l.INTRODUCTION 

The  dynamics  of  coherently  excited  excitonic  and  continuum  wavepackets  in  semiconductors  has  been  the  subject  of  many 
experimental  studies  following  the  development  of  femtosecond  laser  sources'.  A  model  system  fo^the  study  of  both 
interband  and  intersubband  optical  coherence  is  the  asymmetric  double  quantum  well  (ADQW)  This  system  is 
interesting  because  it  is  possible  to  tune  the  gap  between  the  lowest  energy  pair  of  conduction  or  valence  band  states 
through  an  experimentally  convenient  range  of  energies  by  application  of  an  electric  field.  Femtosecond  interband  excitation 
with  sufficient  bandwidth  allows  the  creation  of  a  macroscopically  coherent  superposition  of  two  or  more  subband  states. 
The  component  eigenstates  of  a  wavepacket  so  created  evolve  at  different  rates  leading  to  a  spatially  oscillating  charge 
density  and  electric  dipole  moment  perpendicular  to  the  plane  of  the  quantum  wells^'''.  Such  quantum  beats  remain 
macroscopically  coherent  until  the  relative  phase  of  the  states  is  randomized  by  scattering  or  until  the  amplitude  is 
suppressed  by  interference  in  the  case  that  an  ensemble  of  oscillators  with  significantly  different  frequencies  is  created.  The 
interesting  question  which  we  address  in  this  paper  is  whether  the  eigenstates  involved  in  the  intersubband  polarization  are 
predominantly  bound  excitons  or  free  carriers.  By  free  carriers  or  continuum  states  we  actually  mean  ionized  excitons 
because  the  Coulomb  correlation  between  electrons  rmd  holes  cannot  be  neglected. 

The  intersubband  polarization,  which  mainly  involves  the  coherence  of  carriers  of  a  single  type  and  oscillates  in  the  far  infra¬ 
red,  has  been  indirectly  studied  by  time  resolved  pump-probe  transmission^’^  and  directly  by  detection  of  THz  emission 
(TE)"*.  In  the  latter  studies  it  was  assumed  that  the  intersubband  coherence  of  continuum  states  is  short  lived,  as  found  fix 
the  interband  case^  and  that  the  TE  would  be  associated  with  bound  exciton  states.  The  short  interband  coherence  lifetime 
of  continuum  states  is  primarily  due  to  the  different  dispersion  of  electron  and  hole  bands  which  leads  to  the  creation  of  a 
macroscopic  polarization  comprised  of  an  ensemble  of  oscillators  with  a  frequency  spread  comparable  with  the  laser 
bandwidth*.  Dephasing  by  interference  is  consequently  a  veiy  rapid  process  even  in  the  absence  of  scattering  thus  leading  to 
the  situation  where  even  a  relatively  small  exciton  population  dominates  the  coherent  behaviour  on  ps  time  scales  .  It  is 
therefore  apparent  that  wavepackets  made  up  of  continuum  states  should  not  necessarily  be  expected  to  have  substantially 
different  intersubband  dephasing  times  to  those  made  up  of  bound  excitons.  In  the  intersubband  case,  the  small  dispersion 
of  the  gap  leads  to  the  creation  of  an  ensemble  Of  continuum  oscillators  with  the  same  frequency  in  the  absence  of  sample 
inhomogeneities  so  that  dephasing  predominantly  occurs  by  scattering  and  both  continuum  and  bound  exciton  states  can 
separately  contribute  to  the  macroscopic  polarization  on  ps  time  scales. 
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In  this  paper  we  describe  TE  measurements  on  ADQWs  which  reveal  for  the  first  time  that  wavepackets  made  up  cf 
continuum  states  can  indeed  make  an  important  contribution  to  the  long  lived  part  of  the  macroscopic  polarization.  They 
tend  to  dominate  the  TE  from  conduction  band  charge  oscillations  except  when  resonantly  exciting  the  lowest  bound 
exciton  transitions.  We  additionally  find  that  the  relative  phase  of  the  wavepacket  component  states  is  only  weakly  affect^ 
by  scattering  as  evidenced  by  the  wide  excitation  energy  and  density  ranges  over  which  TE  of  several  ps  duration  is 
observed.  In  contrast,  we  find  that  wavepackets  made  up  of  exciton  states  dominate  the  TE  from  charge  oscillations  in  the 
valence  band.  We  attribute  this  difference  to  the  interference  of  intersubband  continuum  oscillators  in  the  valence  band.  We 
also  show  that  this  effect  can  be  imitated  in  the  conduction  band  by  the  application  of  an  in-plane  magnetic  field  . 


2.EXPERIMENTAL  DETAILS 

The  TE  experiments  used  a  mode  locked  Ti:sapphire  laser  which  produces  65  fs  or  longer  duration  pulses  at  the  sample 
with  the  aid  of  extra-cavity  dispersion  compensation.  The  output  of  the  laser  was  split  into  a  300  mW  pump  beam  and  a  20 
mW  probe  beam.  The  p-polarized  pump  beam  was  typically  focused  to  illuminate  ~  1 .5  mm^  of  the  sample  at  an  angle  of 
45°  to  the  surface  normal.  Samples  were  mounted  in  the  variable  temperature  insert  of  a  split  coil  superconducting  magnet 
and  maintained  at  5  K  in  a  helium  atmosphere.  The  magnet  has  fiised  silica  windows  transverse  to  the  bore  and  Mylar  and 
high  resistivity  silicon  windows  along  the  bore  thus  allowing  the  introduction  of  visible  radiation  and  the  extraction  of  THz 
radiation  with  low  loss  and  dispersion.  Mirrors  placed  within  the  bore  allow  experiments  with  magnetic  field  parallel  (B//) 
and  perpendicular  (Bj_)  to  the  plane  of  the  quantum  wells.  The  THz  beam  emitted  from  the  sample  in  the  specular  direction 
was  coupled  by  off-axis  parabolic  mirrors  and  a  hyper  hemi-spherical  lens  to  a  2  THz  bandwidth  photoconducting  receiver 
as  shown  in  Fig.  la.  The  receiver  was  febricated  from  ion  implanted  silicon  and  produces  a  current  proportional  to  fte 
electric  field  component  of  an  electromagnetic  transient  when  gated  by  the  time  delayed  probe  beam.  A  good  signal  to  noise 
ratio  was  achieved  by  measuring  the  receiver  current  synchronously  with  8  kHz  modulation  of  the  pump  beam  and  by 
averaging  with  the  aid  of  a  repetitively  scanned  delay  line,  yielding  ~  20  aW  detection  sensitivity.  Details  of  the  MBE 
grown  samples  are  given  in  sections  3  and  8. 


(a)  (b) 


Photoconducting 

antenna 


Fig.l:  Schematics  of  (a)  experimental  arrangement  for  THz  emission  measurements  and  (b)  band  diagram  of  double 
quantum  well  used  to  investigate  charge  oscillations  in  the  conduction  band. 


3. CONDUCTION  BAND  CHARGE  OSCILLATIONS  IN  AN  ADQW 

The  nominally  undoped  ADQW  sample  used  to  study  charge  oscillations  in  the  conduction  band  consists  often  pairs  of 
GaAs  wells  with  widths  of  8.5  nm  and  13  nm,  separated  by  a  3  nm  thick  A1 2iGa  79AS  barrier.  Each  pair  is  spaced  from  its 
neighbours  by  20  nm  of  A1.2iGa  79AS.  The  repeat  unit  and  schematic  diagram  are  shown  in  Fig.  1.  The  structural 
parameters  were  verified  by  photoluminescence  excitation  (PLE)  spectroscopy,  electron  microscopy  and  x-ray  diffraction. 
The  energy  gap  between  the  lowest  two  conduction  band  states  (el,  e2)  can  be  tuned  by  an  electric  field  applied  between  a 
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semi-transparent  NiCr  surfece  contact  and  a  heavily  doped  layer  under  the  quantum  wells.  The  gap  goes  through  a 
minimum,  T,  as  the  levels  anti-cross  at  a  'resonant'  electric  field  Fq.  The  energies  of  the  bound  excitons,  determined  by 
PLE  measurements,  are  shown  in  Fig.  la.  The  different  binding  energies  of  spatially  direct  and  indirect  excitons  lead  to 
different  anti-crossing  fields  of  12  kVcm''  and  5  kVcm"'  for  the  el-hhl,  e2-hhl  wide  well  (WW)  and  e2-hhl,  e2-hh2  narrow 
well  (NW)  excitons  respectively.  In  our  notation  el,  hhl,  Ihl  denote  the  lowest  energy  electron,  heavy  hole  and  light  hole 
states  in  the  double  well  respectively. 
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Fig.2:  (a)  Measured  variation  of  exciton  frequencies  with  electric  field,  (b)  TE  signals  obtained  at  an  electric  field  of  10 
kVcm*'  the  centre  excitation  energies  indicated.  The  time  axis  has  not  been  corrected  for  propagation  delay. 

Data  showing  the  development  of  the  electric  field  radiated  by  the  sample  with  increasing  delay  for  different  excitation 
energies  are  shown  in  Fig.  2b.  An  excitation  bandwidth  of  8  meV  was  used  for  the  experiments  described  in  this  and  the 
following  section.  The  sample  was  biased  so  as  to  produce  an  internal  electric  field  of  10  kVcm  Ringing  arising  from 
charge  oscillations  in  the  two  lowest  conduction  subbands"*’^  is  seen  following  an  initial  transient  arising  from  a  polarization 
‘instantaneously’  created  in  the  wells  and  associated  with  a  net  average  electron-hole  separation”.  Charge  oscillations Jn  the 
valence  band  are  suppressed  by  strong  localization  of  holes  in  the  wider  well  at  the  electric  fields  of  interest  .  TE 
measurements  were  generally  made  with  a  photoexcited  electron-hole  pair  density  ns  =  4(±l)xl0  cm  per  double  well  per 
pulse,  which  places  our  experiments  in  the  low  density  limit  UsUo^  ~  0.01  where  ao  is  the  Is  exciton  radius.  The  excitation 
density  dependence  is  discussed  in  section  5. 


4.ELECTRIC  FIELD  DEPENDENCE 

Values  for  the  frequency,  dephasing  time  and  oscillation  amplitude  of  the  TE  were  generally  obtained  by  fitting  an 
exponentially  damped  cosine  function  to  the  data,  excluding  the  transient  due  to  the  instantaneous  polarization.  Fourier 
analysis  was  used  where  simple  harmonic  decay  was  not  observed.  Figs.  3a,b  shows  the  variation  of  TE  frequency  with 
electric  field  for  three  different  excitation  energies.  The  behaviour  is  different  for  excitation  resonant  and  non-resonant  with 
the  lowest  energy  WW  and  NW  bound  Is  excitons.  We  use  the  term  resonant  to  mean  within  ±  2  meV  of  the  anti-crossing 
energy.  The  non-resonant  behaviour  is  typified  by  1.549  eV  excitation  which  lies  in  the  continua  of  the  el-hhl,  e2-hhl 
excitons  (Fig.  2a).  Similar  behaviour  was  observed  over  most  but  not  all  of  the  energy  range  1.54  eV  to  1.62  eV.  An 
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approximately  parabolic  dependence  of  the  TE  frequency  on  field,  centred  around  a  'resonant'  field  Fq  ~  10  kVcm"',  is 
observed.  The  solid  curve  in  Fig.  3a  is  a  fit  to  the  equation 

f  =  y/p^(F-Fo)2+T2  (1) 

appropriate  for  uncorrelated  electrons  and  small  detuning^.  P  is  the  constant  of  proportionality  between  the  frequency 
separation  of  the  uncoupled  electron  states  and  the  electric  field  F.  The  differences  between  exciton  frequencies  extracted  from 
PLE  spectra  taken  from  the  same  part  of  the  sample  are  shown  by  the  broken  curves  in  Fig.  3a.  The  values  of  T  and  Fq 
observed  in  TE  are  consistent  with  calculations'^  for  the  beating  of  continuum  states  shown  in  Fig.  3c  but  inconsistent 
with  that  expected  for  bound  excitons  (PLE  data  and  calculation).  The  difference  between  TE  and  PLE  measurements  is 
even  larger  for  the  lowest  energy  light  hole  excitons  (not  shown  in  Fig.  3a).  Our  results  differ  from  a  previous  study ''  where 
no  distinct  variation  in  the  TE  frequency  was  observed,  perhaps  because  of  differences  in  sample  homogeneity  or 
experimental  conditions. 


Fig.3:  (a)  Electric  field  dependence  of  differences  between  el-hhl,  e2-hhl  (WW)  tind  el-hh2,  e2-hh2  (NW)  exciton 
frequencies  obtained  from  PLE  data  at  excitation  densities  of  2. 10*  cm'^  (dashes)  and  5.10^  cm'^  (dots).  Circles  show  TE 
frequency  obtained  with  excitation  energy  of  1.549  eV  and  Us  =  4.10®  cm'^.  Solid  curve  is  a  fit  of  Eqn.  1  to  TE  (b)  TE 
frequency  obtained  with  an  excitation  energies  of  1.553  eV  (squares,  WW)  and  1.534  eV  (triangles,  NW).  (c)  Calculated  Is 
bound  exciton  (dashed  curves)  and  exciton  continuum  edge  (solid  curve)  beat  frequencies. 


TE  traces  obtained  for  excitation  resonant  with  the  lowest  energy  bound  excitons  in  the  NW  and  WW  (Fig.  3b)  exhibit 
significantly  different  frequency  spectra  to  those  observed  for  non-resonant  excitation.  This  is  particularly  clear  for  resonant 
excitation  of  the  NW  at  1.553  eV  where  most  of  the  spectral  amplitude  for  fields  near  5  kVcrn'^  is  at  a  fequency  similar  to 
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that  expected  for  beating  of  NW  excitons  as  deduced  from  the  PLE  measurements.  A  dephasing  time  of  -  0.6  ps  observed 
near  5  kVcm''  which  is  significantly  shorter  than  the  ~  2  ps  observed  at  10  kVcm"'.  For  resonant  excitation  of  the  WW  at 
1.534  eV  a  non-harmonic  decay  was  observed  for  fields  near  14  kVcm”'  with  spectral  components  at  two  frequencies 
consistent  with  simultaneous  bound  and  continuum  state  beating.  The  dephasing  times  of  the  two  components  were  similar 
to  each  other  and  to  that  obtained  for  non-resonant  excitation  but  the  amplitude  of  the  continuum  oscillations  was  much 
larger.  Details  of  the  spectral  content  of  the  TE  traces  will  be  presented  in  more  detail  in  a  future  publication. 
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Fig.4:  Variation  of  dephasing  time  (circles)  and  emission  amplitude  (squares)  with  excitation  density  n^  for  centre  excitation 
energy  of  1.549  eV.  The  electric  field  is  adjusted  for  minimum  emission  frequency  at  each  ng.  Lines  are  guides  to  the  eye. 


5. EXCITATION  DENSITY  DEPENDENCE 

To  confirm  that  exciton  and  electric  field  screening  by  the  photoexcited  plasma  are  not  responsible  for  the  differences 
between  subband  splittings  inferred  from  PLE  and  TE,  PLE  spectra  were  obtained  at  a  similar  excitation  density  to  that 
used  in  the  TE  measurements  (5.10^  cm'^)  and  at  a  much  lower  density  (Us  =  2.10^  cm  ^).  At  the  higher  of  the  two  earner 
densities  both  Fq  and  the  energy  separation  between  el-hhl  and  e2-hhl  excitons  are  only  5%  larger  than  at  the  lower 
density  (Fig.  3a).  These  differences  are  too  small  to  account  for  the  different  tunnel  gaps  and  resonant  electric  fields  apparent 
in  the  TE  and  PLE  measurements.  Fig.  4  shows  the  effect  of  varying  ng  on  the  amplitude  and  dephasing  time  of  the  TE 
and  tends  to  confirm  the  feet  that  the  experiments  are  performed  in  the  low  density  limit  suggested  by  the  PLE 
measurements.  The  non-linear  variation  of  initial  TE  amplitude  with  ns  above  ~3.10'°  cm’^  can  be  qualitatively  explained 
by  Coulomb  renormalisation  of  the  tunnel  gap''’.  The  reduction  in  dephasing  time  above  10'°  cm'^  is  consistent  with 
estimated  electron-electron  scattering  and  radiation  damping  rates''*’'^’'^.  For  non-resonant  excitation,  the  dephasing  time  is 

limited  by  sample  and  field  inhomogeneity  for  temperatures  below  80  K  and  carrier  densities  below  a  few  times  10'°  cm"^. 


6.EXCnATION  ENERGY  DEPENDENCE 

Further  evidence  for  the  important  role  of  continuum  exciton  states  comes  fix)m  the  behaviour  of  the  TE  as  a  function  cf 
excitation  energy  at  a  fixed  electric  field  of  10  kVem”'  (Fig.  2b).  The  initial  amplitude  of  the  TE  is  not  strongly  resonant 
with  the  lowest  energy  exciton  transitions  as  found  in  four  wave  mixing  studies  of  the  third  order  interband  polarisation  . 
Coherent  charge  oscillations  are  observed  for  excitation  over  a  range  extending  from  the  band  edge  to  more  than  100  meV 


248 


above.  The  TE  frequency  and  dephasing  time  are  approximately  independent  of  excitation  energy  in  this  range  (Fig. 5). 
Similarly,  the  resonant  electric  field  changes  by  less  than  0.5  kVcm"'.  This  behaviour  is  consistent  with  the  excitation  cf 
higher  lying  el,  e2-hhn  and  el,  e2-lhm  continuum  states  (n,m  denote  subband  indices)  but  inconsistent  with  the  dominant 
involvement  of  bound  excitons.  If  bound  excitons  were  involved  then  the  frequencies  and  resonant  fields  should  vary  with 
excitation  conditions  as  can  be  seen  with  reference  to  Fig.  2a.  Carriers  with  sufficiently  large  excess  energies  (those  excited 
above  ~  1.59  eV)  can  lose  energy  by  longitudinal  optical  (LO)  phonon  emission  in  a  few  hundred  fs'  .  Intraband  carrier 
thermalisation  via  inelastic  electron-electron  scattering  also  proceeds  on  a  few  hundred  fs  time  scale  for  ns  ~  10  cm' 
Such  carriers  can  only  contribute  to  the  long  lived  TE  if  the  macroscopic  phase  of  the  intersubband  polarization  is  at  least 
partially  preserved  during  energy  relaxation.  The  idea  that  the  relative  phase  of  eigenstates  can  be  insensitive  to  many  body 
interactions  has  previously  been  invoked  to  explain  the  existence  of  TE  from  Bloch  oscillations  in  superlattices  excited  well 
above  the  minlband  edges'”  '*. 
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Fig.SrVariation  of  TE  dephasing  time  and  frequency  with  excitation  energy  at  an  electric  field  of  approximately  10  kVcm"'. 


7. MAGNETIC  FIELD  DEPENDENCE 

The  experiments  in  magnetic  field’  were  performed  at  an  electric  field  where  the  amplitude  was  a  maximum  but  the 
dephasing  time  had  a  somewhat  smaller  than  maximum  value  of  1.75  ps.  The  excitation  energy  was  1.549  eV  and  the  laser 
bandwidth  20  meV.  The  variation  in  dephasing  time  deduced  from  fitting  the  data  to  a  damped  cosine  function  is  shown  in 
Fig.  6.  The  variation  of  emission  frequency  with  electric  field  was  checked  at  several  values  of  magnetic  field  to  verify  that 
the  resonant  electric  field  did  not  vary  significantly  with  magnetic  field.  The  effect  of  B//  is  to  decrease  the  dephasing  time 
by  a  factor  of  ~  2  over  the  range  0  to  2  T.  The  oscillation  frequency  increases  by  about  0.05  THz  over  the  same  range.  In 
this  field  configuration  the  motion  of  the  electrons  is  deflected  as  they  tunnel  thus  driving  the  coupled  states  out  of 
resonance  so  that  coherent  phenomena  are  suppressed.  Raichev^”  has  developed  a  simple  theory  for  the  charge  oscillations  in 
a  parallel  magnetic  field  which  neglects  Coulomb  interactions  and  scattering.  The  important  feature  is  that  the  intersubband 
gap  5E  depends  on  the  in-plane  component  of  momentum,  p//,  of  the  optically  injected  carriers: 

5E  =  .,/T^-H(A-eB//sp///m)2  (2) 

Eqn.  2  reflects  the  momentum  change  Sp^^  =  eB//s  experienced  by  an  electron  tunneling  a  distance  s  between  well  centres. 
Significant  suppression  of  the  TE  by  interference  is  predicted  when  the  energy  shift  p//5p///m  is  comparable  with  T  which 
requires  B//  ~  1.5  T,  in  qualitative  agreement  with  experiment.  In  contrast,  no  significant  change  in  dephasing  rate  is 
expected  or  observed  for  B  . 
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Fig.6:  Measured  dephasing  time  of  TE  as  a  function  of  perpendicular  (circles)  and  parallel  (triangles)  magnetic  field. 
Continuous  lines  are  guides  to  the  eye,  dashed  line  is  a  theoretical  prediction  described  in  ref.  7. 
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Fig.7:  (a)  TE  traces  obtained  at  7  kVcm'*  for  different  excitation  energies,  (b)  Electric  field  dependence  of  differences  between 
el-hhl,  el-hh2  exciton  frequencies  obtained  from  PLE  data  (dashed  curve)  and  THz  emission  frequency  (solid  curve). 


8. VALENCE  BAND  CHARGE  OSCILLATIONS  IN  AN  ADQW 

An  asymmetric  double  well  having  well  widths  of  10  nm  and  6  nm  separated  by  a  1.25  nm  barrier  but  otherwise  similar  to 
that  discussed  above  was  also  investigated  in  order  to  compare  the  behaviour  of  optically  excited  charge  oscillations  in  the 
valence  band  with  that  in  the  conduction  band.  This  structure  was  grown  with  the  ordering  of  wide  and  narrow  wells 
reversed  so  as  to  allow  the  lowest  energy  heavy  hole  states  to  be  tuned  through  resonance  by  the  application  of  a  reverse 
bias.  Fig.  7a  shows  TE  traces  obtained  at  various  excitation  energies  near  resonance  with  the  lowest  energy  exciton 
transitions.  Unlike  previous  studies^'  of  TE  from  valence  band  charge  oscillations  in  single  quantum  wells,  which  were 
associated  with  heavy  hole  -  light  hole  beating,  the  present  studies  involve  the  lowest  two  heavy  hole  states,  hhl  and  hh2. 
Results  for  the  THz  emission  frequency  and  the  frequency  separation  of  the  el-hhl  and  el-hh2  exciton  transitions  deduced 
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from  PLE  measurements  are  shown  in  Fig.  7b.  There  is  much  closer  similarity  between  the  two  sets  of  results  than  found  in 
the  conduction  band  case  described  above.  The  TE  is  also  strongly  resonant  with  the  el-hhl,  el-hh2  transitions.  We 
attribute  the  different  behaviour  to  significant  dispersion  of  the  inter  valence  subband  splitting  which  has  been  verified  by 
band  structure  calculations  which  will  be  discussed  in  more  detail  elsewhere.  If  the  dispersion  is  sufficiently  large  compared 
with  the  spectral  width  of  the  pump  pulse,  which  is  the  case  here,  then  TE  from  the  beating  of  continuum  hole  states  will 
be  suppressed  by  Interference  thus  allowing  excitons  to  dominate. 


9. CONCLUSIONS 

In  summary,  we  find  that  the  TE  from  charge  oscillations  in  the  conduction  band  of  an  ADQW  is  dominated  by  the  beating 
of  continuum  exciton  states  except  under  conditions  where  the  lowest  energy  bound  excitons  are  resonantly  excited.  In  the 
latter  case  evidence  of  bound  exciton  beating  is  also  revealed.  Possible  explanations  for  the  relatively  weeJc  bound  exciton 
signature  obtained  when  resonantly  exciting  the  WW  are  the  small  exciton  linewidths  relative  to  the  spectrally  broad 
excitation,  the  larger  continuum  state  intersubband  dipole  moment^^  and  dissipation^^  associated  with  coupling  of  bound 
excitons  to  continuum  excitations  (Fano  resonance).  Dissipation  might  also  explain  the  short  dephasing  time  observed 
resonant  excitation  in  the  NW  compared  with  that  obtained  for  excitation  in  the  continuum.  In  contrast  to  the  behaviour  in 
the  conduction  band,  TE  from  charge  oscillations  in  the  valence  band  of  an  ADQW  appears  to  be  dominated  by  beating  cf 
exciton  states.  We  attribute  this  difference  to  strong  dispersion  of  the  gap  between  the  lowest  two  heavy  hole  subbands 
which  leads  to  rapid  dephasing  of  continuum  wavepackets  by  interference. 

In  the  conduction  band,  the  intersubband  dephasing  time  of  continuum  states  created  with  large  excess  energy  is  veiy  long 
compared  with  the  expected  ~  100  fs  energy  relaxation  time.  We  believe  that  the  relatively  small  scattering  rate  of  continuum 
wavepackets  in  the  ADQW  is  a  property  of  the  close  spacing  of  the  energy  levels;  physically,  the  in-plane  variation  of 
eigenstates  is  sufficiently  similar  that  they  are  almost  equally  affected  by  in-plane  scattering  and  the  relative  phase  is  to  a 
certain  extent  preserved  for  important  ‘in-plane’  processes  such  as  LQ  phonon  emission.  Although  not  widely  appreciated^ 
similar  behaviour  has  previously  been  observed  in  heavy-light  hole  quantum  beats®’^'*,  Bloch  oscillations  in  superlattices 
and  in  the  long  lived  coherence  of  cyclotron  emission  optically  excited  well  above  the  bandgap  of  GaAs  . 
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ABSTRACT 

Propagation  of  free-space  femtosecond  THz  pulses  (t  rays)  through  and  past  metal  structures  with  dimensions  on  the  order  of 
a  wavelength  has  been  studied.  In  waveguides  with  diameters  close  to  one  wavelength,  it  is  found  that  the  phase  velocity  can 
become  superluminal  (faster  than  the  speed  of  light  in  vacuum)  and  even  infinite  or  negative.  T  rays  that  propagate  past  a 
100-pm  metal  wire  are  delayed  when  the  polarization  is  perpendicular  and  advanced  when  it  is  parallel.  In  this  case,  it  is  also 
observed  that  the  centroid  velocity  (related  to  the  group  velocity)  can  become  superluminal.  Many  of  the  results  do  not 
conform  to  simple  waveguide  theory,  because  of  multiple  reflections  of  the  evanescent  waves  inside  the  waveguide.  This 
“Fabry-Perot”  effect  for  evanescent  waves  is  the  cause  of  the  negative  phase  velocities  below  the  waveguide  cutoff. 


Keywords:  Ultrafast,  imaging,  wave  propagation,  terahertz,  tunneling 

1.  INTRODUCTION 

Several  successful  attempts  have  been  made  to  use  terahertz  pulses  (t  rays)  for  imaging  including  t-ray  tomography^  and  real¬ 
time  imaging,^’^  typically  with  a  resolution  on  the  order  of  a  millimeter.  A  near-field  method  for  improving  the  spatial 
resolution  in  T-ray  imaging  has  been  reported^  in  which  a  metal  aperture  has  been  used  to  improve  the  resolution  ^  140  pm. 
Recently,  we  have  demonstrated  a  new  method  of  achieving  sub-wavelength  spatial  resolution  in  t-ray  imaging.^’  In  this 
method,  an  optical  beam  is  focussed  to  a  small  spot  in  an  optical-rectification  crystal  and  the  t  rays  emerge  in  a  bearn,  which 
in  the  near-field  region  has  a  sub-wavelength  diameter.  If  the  sample  is  placed  directly  on  the  generation  crystal,  it  can  be 
imaged  in  the  far  infrared  with  k/4.3  resolution.  Here  it  will  be  described  how  this  experimental  setup  has  been  used  to  study 
the  evanescent-wave  propagation  inside  waveguides  and  past  sub-wavelength-diameter  metal  wires.  The  near-field  imaging 
setup  allows  one  to  couple  power  into  waveguides  with  a  diameter  on  the  order  of  one  wavelength  with  reasonable  efficiency. 
It  has  been  predicted^’®  that  waves  can  travel  superluminally  (faster  than  the  speed  of  light  in  vacuum)  in  waveguides  below 
cutoff.  Experimental  microwave^.lO  gnj  femtosecond  optical  1 '  studies  have  confirmed  this  theoretical  result.  However,  toe 
microwave  experiments  were  either  CW  or  used  very  long  pulses  and  could  therefore  not  directly  observe  toe  propagation 
speed  of  energy  packets.  The  optical  experiments  do  not  have  access  to  phase  information  as  they  only  measure  intensities 
rather  than  fields.  The  t-ray  setup  gives  access  to  all  the  pertinent  phase  information  of  the  pulse  traveling  through  toe 
waveguide  while  having  good  time-resolution.  Therefore,  we  have  been  able  to  analyze  the  propagation  characteristics  of 
these  evanescent  waves  fully  for  the  first  time.  In  toe  waveguides,  it  is  found  that  toe  phase  velocity  can  be  superluminal  and 
even  become  negative.  This  may  result  in  the  peak  of  a  THz  pulse  emerging  from  a  sample  before  entering  it  in  apparent 
contradiction  with  toe  principle  of  causality.  Theoretically,  it  should  be  possible  to  observe  superluminal  group  velocities  as 
well  but  a  limited  signal-to-noise  ratio  has  prevented  us  from  establishing  that.  However,  in  experiments  on  propagation  past 
metal  wires  toe  unique  properties  of  t  rays  could  be  used  to  prove  that  toe  group  velocity  exceeds  that  in  vacuum. 

Some  of  the  superluminal  propagation  effects  may  be  caused  by  absorptive  pulse  shaping  in  which,  for  example,  the 
system  preferentially  transmits  toe  front  of  the  pulse.  However,  pure  phase  effects  contribute  to  toe  superluminality  too.  This 
can  be  expressed  using  the  group  and  loss  delays.  If  the  complex  field  transmission  f  {a) ,  these  delays  are  given  by:  12 
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The  loss  delay,  tl,  is  related  to  the  delay  induced  by  absorption  or  reflection  that  affects  the  front  of  the  pulse  more  than  the 
back  or  vice  versa.  Some  authors  have  concluded  that  the  loss  time  (which  is  often  causal)  is  “most  relevant  to  describe  the 
physics  of  tunneling”  but  there  appears  to  be  no  physical  reason  for  this  assertion. 

2.  EXPERIMENTAL 

In  our  experiment,^  t  rays  are  generated  through  optical  rectification  of  femtosecond  pulses  in  ZnTe.^^  The  laser  source  is  a 
commercial  Ti;sapphire  oscillator  and  regenerative  amplifier  producing  ~150-fs  pulses  at  800  nm  with  a  250-kHz  repetition 
rate  and  750-mW  average  power.  About  280  mW  is  focussed  by  an  f  =  5  cm  lens  onto  a  10x10  mm^  aperture  ZnTe  crystal 
(Uni-Export),  which  has  either  a  1-mm  or  500-pm  a  thickness  and  is  cut  perpendicular  to  the  <11 0>  crystallographic  axis. 
The  crystal  is  mounted  on  an  x-y  translation  stage  that  allows  translation  over  25  mm  in  the  plane  perpendicular  to  the  beam 
with  10-nm  resolution.  The  t  rays  emitted  by  the  ZnTe  crystal  are  collimated  and  focused  with  two  44.5-mm  diameter  off- 
axis  parabolic  mirrors,  which  have  a  38. 1-mm  focal  length.  The  second  off-axis  parabolic  mirror  has  a  hole  drilled  through  it, 
which  allows  an  800-nm  gating  beam  to  be  overlapped  with  the  t-ray  beam  in  another  <110>  ZnTe  crystal  with  a  500-pm 
thickness.  The  gating  beam  has  an  average  power  of  8  mW,  is  temporally  delayed  by  a  fast-scanning  (6  Hz)  optical  delay  line 
and  focussed  into  the  detection  crystal  with  an  f  =  10  cm  lens.  The  Pockels  effect  in  the  ZnTe  detection  crystal  causes  the 
ellipticlty  of  the  gate  beam  to  change  in  proportion  to  the  instantaneous  electric-field  strength  of  the  terahertz  pulse. 

This  time-delay  dependent  change  in  ellipticity  is  measured  by  sending  the  gate  beam  through  a  quarter-wave  plate,  a  Glan- 
Thompson  polarizer  and  balanced  detection  by  a  pair  of  photodiodes  wired  to  give  zero  current  for  balanced  power.  The 
signal  current  is  sent  to  a  preamplifier  (SR570)  for  amplification  and  filtering.  This  signal  and  a  signal  proportional  to  the 
instantaneous  temporal  delay,  are  digitized  by  a  fast  analog-to-digital  converter  (Data  Translation,  Tl  12).  The  terahertz 
pulses  have  about  three  cycles  and  a  spectrum  that  extends  from  about  5  to  100  cm''  as  previously  reported.^” 

To  obtain  the  highest  spatial  resolution  one  would  like  to  focus  the  800-nm  t-ray  generation  beam  to  the  smallest 
possible  spot  size.  As  ZnTe  is  used  as  the  optical-rectification  crystal,  the  minimum  spot  size  is  determined  by  two-photon 
absorption  and  is  approximately  200  pm.  For  smaller  spot  sizes,  there  is  a  catastrophic  loss  of  signal  intensity  and  green 
emission  from  the  crystal.  To  determine  the  resolution  of  the  imaging  system,  a  knife-edge  consisting  of  a  piece  of  aluminum 
foil  mounted  directly  on  the  ZnTe  generation  crystal,  was  scanned  through  the  beam.  At  each  position,  multiple  time  scans 
over  about  20  ps  were  taken  to  determine  the  time  dependence  of  the  terahertz  pulse  (circa  one  second  of  averaging, 
S/N  =  300).  These  data  are  then  Fourier  transformed  in  order  to  obtain  the  position-dependent  transmission  spectra.  The 
transmission  is  determined  as  (w)  =  £(<u,x)/£(ta,0)  where  £(<y,0)  is  the  complex  amplitude  spectrum  of  the  field 
at  a  position  where  the  knife-edge  does  not  absorb.  The  advantage  of  defining  the  transmission  in  this  manner  is  that  the  noise 
has  a  symmetric  distribution,  unlike  the  case  of  an  intensity  ratio.  The  wavelength  and  position  dependent  transmission 
profiles  have  been  fitted  by  error  functions.  The  intensity  FWHM  of  the  t-ray  beam  derived  from  the  fits  to  error  functions, 
varies  from  110+13  pm  at  80  cm''  (X  =  125  pm),  to  232  ±  85  pm  at  10  cm''  (A.  =  1  mm).  The  uncertainties  given  are  the  lo 
joint  confidence  intervals.  At  the  longer  wavelengths,  the  spatial  resolution  is  more  than  2.6  times  better  than  the  free-space 
diffraction  limit  of  0.61  X  for  the  intensity  FWHM.  As  the  refractive  index  of  ZnTe  is  3.1  at  these  wavelengths,  this  is  not 
proof  of  a  resolution  enhancement  due  to  a  near-field  effect.  However,  there  appears  to  be  no  reason  why  the  resolution  could 
not  be  enhanced  further  using  this  technique  with  an  unamplified  laser  and  tighter  focussing  into  the  ZnTe  crystal.  When  the 
ZnTe  generation  crystal  is  scanned  several  millimeters  perpendicularly  to  the  generation  beam,  little  variation  of  the  t-ray 
field  strength  (±10%)  or  transit  time  (±5  fs  over  short  distances,  see  below)  is  observed. 

Transmission  and  refractive-index  or  phase  spectra  are  derived  from  the  time-domain  data  by  fast  Fourier  transforming 
(FFT).  If  E(ca)  is  the  FFT  of  the  time-domain  data  and  Eg  (at)  a  reference  spectrum  (e.g.,  free  space),  the  field  transmission 
is  given  by  ^E((o)l  Eg  (ft))| .  Calculation  of  the  accumulated  phase  (or  the  refractive  index)  is  slightly  more  problematic  as  it 
involves  a  logarithm  of  a  complex  quantity.  The  method  used  here  is  that  an  overall  refractive  index,  assumed  constant  for  all 
frequencies,  is  guessed  at.  The  accumulated  phase  difference  with  respect  to  free  space,  is  then  calculated  from 
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FIG.  1.  Transmission  through  200-fm  diameter  pinholes  with  varying  length.  (Left)  The  effective  refractive  index 
calculated  from  the  accumulated  phase.  Inset:  The  difference  from  the  vacuum  group  delay  calculated  from  the  phase. 
(Right)  Experimental  field  transmission  and  comparison  with  transmission  calculated  from  simple  waveguide  theory.  The 

curves  have  been  offset  vertically  for  clarity. 

where  L  is  the  sample  length  and  =(0  L  /c  is  the  guess  for  the  phase.  In  the  data  discussed  here,  it  is  a  reasonable 
assumption  that  the  refractive  index  tends  to  1  at  high  frequencies  and  using  =  1  is  consistent  with  all  the  data. 
However,  in  the  thicker  samples  or  samples  with  strong  dispersion,  this  method  may  lead  to  2%  phase  jumps,  which  have  to 
be  corrected  by  hand.  This  (corrected)  phase  is  then  used  to  calculate  the  refractive  index  from 

«  =  l+cA^/(<ul)  (3) 


and  the  group  delay  difference 


To  investigate  the  evanescent-wave  properties  inside  waveguides,  several  metal  cylindrical  pinholes  were  used.  A  set  of 
nickel  pinholes  (Coherent-Baling)  with  a  40-pm  thickness  and  diameters  of  50,  100,  200  and  400  pm  were  used.  To  obtain 
longer  waveguides,  sheet  metal  has  been  used  and  holes  were  drilled  though  them  mechanically.  A  1-mm  thickness 
aluminum  plate  has  been  used  to  make  200  and  400-pm  wide  waveguides.  Two  80  and  250-pm  thickness  brass  plates  were 
used  to  drill  150  and  200-pm  diameter  waveguides.  The  mechanical  drilling  may  have  resulted  in  some  irregularities  in  these 
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FIG  2.  Comparison  between  a  terahertz  pulse  traveling  though  free  space  vs.  one  transmitted  through  a  I50-pm  diameter, 
80-pm  length  waveguide.  It  can  be  seen  that  the  peak  of  the  latter  is  advanced  in  time. 
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waveguides,  which  may  have  affected  the  results  to  some  extent. 


In  a  perfectly 
given  by^ ' 


conducting  cylindrical  waveguide,  the  electromagnetic  waves  accumulate  a  phase,  which  for  TE-modes  is 


where  co^  is  the  cutoff  frequency,  d  is  the  waveguide  diameter  and  L  its  length.  For  the  lowest  order  mode,  TEn,  the 
parameter  x  has  the  value  1.841.  It  can  be  seen  from  Eq.  (5)  that  above  the  cutoff  frequency,  the  transmission  is  unity  but 
the  waveguide  is  very  dispersive.  Below  cutoff,  transmission  is  less  than  unity  and  the  accumulated  (real)  phase  is  zero.  As 
the  phase  delay  is  (pic ,  it  can  be  seen  that  the  phase  velocity  tends  to  infinity  as  cutoff  is  approached.  The  group  delay 
derived  from  Eq.  (5)  is 
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Therefore,  as  cutoff  is  approached  the  group  velocity  tends  to  zero.  Below  cutoff,  however,  the  group  delay  becomes 
imaginary,  which  has  been  interpreted  to  imply  an  infinite  group  velocity.  Microwave  experiments  by  Nimtz  et  al.  in  the 
time^®  and  frequency  domain^  appear  to  confirm  this  bizarre  result.  If  taken  to  its  extreme,  it  would  appear  to  imply  that  it  is 
possible  to  receive  signals  before  they  are  sent. 

In  the  initial  experiments,  relatively  large  diameter  (150  to  400  pm)  waveguides  were  studied,  in  order  to  have  the 
cutoff  frequency  more  or  less  in  the  middle  of  the  accessible  frequency  range.  FIG.  1  shows  a  typical  case  of  200-nm 
diameter  waveguides  with  various  lengths  (TEu  mode  cutoff  frequency  from  Eq.(5):  29.3  cm’').  The  1-mm  length  waveguide 
shows  a  very  sharp  cutoff  in  transmission  as  expected.  As  a  12-ps  window  had  to  be  applied  in  the  analysis  of  the  time- 
domain  data,  the  cutoff  is  slightly  smoother  than  predicted  by  theory.  The  phase  properties  in  the  1-mm  case  are  also  as 
expected:  The  effective  refractive  index,  n  =  (pl{k^L)  with  the  vacuum  wavevector,  varies  from  1  at  high  frequencies  to 
0  at  the  cutoff  frequency.  The  group  delay  is  seen  to  diverge  at  the  cutoff  as  expected.  However,  for  the  shorter  waveguides 
(40  and  80  pm),  the  transmission  cutoff  all  but  disappears  and  the  refractive  index  becomes  negative  below  the  cutoff 
frequency.  The  group  delay  stays  at  a  finite  positive  value.  In  some  of  the  medium-sized  waveguides,  it  is  found  that  the  peak 
of  the  terahertz  pulse  travels  at  superluminal  velocity  corresponding  to  a  superluminal  phase  velocity.  For  example,  in  a  150- 
pm  diameter,  80-pm  length  waveguide  (FIG.  2),  the  peak  advances  by  0.1  ps.  However,  the  center  of  gravity  of  the  pulse  is 
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FIG.  3.  (Left)  Transmission  through  ad=  100  pan,  L=  40  pan,  nickel  waveguide.  Shown  are  the  field  transmission,  the 
refractive  index,  the  (simple)  theoretical  waveguide  transmission  (W.G.)  and  a  curve  proportional  to  the  frequency  squared 
((s?).  (Right)  .  Transmission  of  evanescent  waves  through  a  50-pm  diameter  40-pm  length  nickel  waveguide.  Shown  is  the 
electric-field  transmission  and  the  effective  refractive  index.  The  dashed  line  is  a  fit  to  an  co^ -dependence  and  the  inset  shows 
the  group  delay  relative  to  free-space  derived  from  the  experimental  phase. 
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FIG.  4.  (Lefi)  T-ray  image  of  a  1 00- /mi  diameter  tinned-copper  wire  with  the  t-ray  polarization  perpendicular  to  the  wire.  It 
can  be  seen  that  the  peak  of  the  terahertz  pulse  is  delayed  on  propagating  close  to  the  wire.  (Right)  Time  domain  traces  for 
propagation  past  a  wire  with  parallel  and  perpendicular  polarization  of  the  t  rays.  It  can  be  seen  that  the  pulse  is  delayed  in 
the  perpendicular  case  and  advanced  in  the  parallel  case.  However,  the  behavior  of  the  centroid  delay  is  opposite. 

delayed,  consistent  with  a  subluminal  group  velocity. 

In  experiments  in  d  =  50  pm  and  100  pm  (FIG.  3)  waveguides,  (nearly)  all  the  transmitted  light  is  in  evanescent  waves 
as  the  cutoff  frequencies  are  at  1 17  and  59  cm"'.  In  these  cases,  there  is  a  complete  breakdown  of  simple  waveguide  theory.  It 
has  been  predicted  that  the  field  transmission  through  sub-wavelength  holes  should  follow  an  co^-dependence. 
Approximate  fits  to  such  a  dependence  are  shown  in  FIG.  3  but  do  not  fit  the  data  very  well.  Particularly  in  the  data  in  the  50- 
pm  waveguide,  it  appears  that  there  is  a  reproducible  resonance.  This  is  unexpected  for  the  50-pm  waveguide,  as  the 
exponentially  decaying  evanescent  waves  cannot  interfere  and  therefore  should  not  give  rise  to  any  resonances.  Again, 
superluminal  group  velocities  could  not  be  observed  in  these  waveguides  and  instead  negative  phase  velocities  are  observed. 

Superluminal  propagation  has  also  been  observed  when  the  terahertz  pulses  propagate  past  metal  wires  that  have  a 
diameter  smaller  than  that  of  the  beam  and  on  the  order  of  one  wavelength.  FIG.  4  shows  a  scan  through  a  100-pm  diameter 
tinned  copper  wire  with  the  t-ray  polarization  perpendicular  to  the  wire.  In  the  case  of  perpendicular  polarization,  it  is  seen 
that  the  transmission  minimizes  when  the  beam  is  centered  on  the  wire  and  at  the  same  time,  the  terahertz  pulse  is  delayed.  In 
the  case  of  parallel  polarization,  the  transmission  minimum  is  twice  as  low  (four  times  less  power  transmitted)  and  the  pulse 
delay  is  negative  ejdiibiting  a  peak  on  either  side  of  the  wire.  From  the  spectra  taken  at  the  delay  maximum/minimum,  it  is 
found  that  the  phase  velocity  varies  between  c  and  0.87  c  in  the  case  of  perpendicular  polarization,  and  between  1.05  c  and 
1.43  c  in  the  case  of  parallel  polarization  (assuming  the  effect  is  constant  over  a  lOO-pm  path). 

To  investigate  whether  there  are  any  superluminal  group  velocities  involved,  we  made  use  of  one  of  the  unique 
properties  of  the  pulses  used.  As  the  terahertz  pulses  are  very  short  (their  spatial  extend  is  about  one  wavelength),  it  is 
straightforward  to  determine  whether  the  average  energy-arrival  time  is  delayed  or  advanced.  To  this  end  a  new  delay  is 
proposed,  the  centroid  delay,  defined  by: 


(7) 


where  I(t)  xE(t)^  is  the  instantaneous  intensity,  which  is  proportional  to  energy.  Thus,  I(t)  is  not  a  pulse  envelope  as  the 
slowly-varying  envelope  approximation^^  breaks  down  for  a  single-cycle  pulse  and  an  envelope  is  not  defined.  It  can  be 
shown  that  when  the  slowly  varying  envelope  approximation  does  hold,  the  definition  of  the  centroid  delay  becomes  identical 
to  that  of  the  group  delay. 

When  the  centroid  delay  is  calculated  for  the  data  shown  in  FIG.  4,  it  is  found  that  in  the  case  of  parallel  polarization  the 
centroid  delay  is  positive  (Tc  =  +9.8  fs)  and  in  the  case  of  perpendicular  polarization  it  is  negative  (Tc  =  -46.5  fs).  Thus,  the 
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Frequency  (cm'')  Frequency  (cm*') 

FIG.  5.  Theoretical  calculation  of  the  waveguide  transmission  and  effective  index  by  including  multiple  reflections.  (Left) 
Transmission  through  the  waveguide  for  waveguide  length  L  =  40,  80  and  1000  pm.  In  the  1-mm  case,  one  can  clearly  see 
oscillations  in  the  transmission  due  to  the  etalon  effect.  (Right)  Idem,  effective  refractive  index. 

centroid  delay  has  the  opposite  sign  as  the  phase  delay.  In  addition,  it  follows  that  the  average  arrival  time  of  the  energy  can 
be  advanced  as  compared  to  propagation  through  vacuum. 

3.  (MORE)  THEORY 

From  the  theoretical  expression  for  the  phase  accumulated  by  an  electromagnetic  wave  traveling  through  a  waveguide,  Eq.(5) 
,  one  can  derive  the  effective  waveguide  index  as  «  =  ctpImL ,  which  results  in; 


Thus,  when  the  frequency  approaches  cutoff,  the  refractive  index  is  close  to  zero.  As  the  waveguide  is  embedded  in  air, 
which  has  a  refractive  index  of  approximately  1,  the  interfaces  at  the  waveguide  entrance  and  exit  will  act  as  very  efficient 
mirrors.  Of  course,  evanescent  waves  cannot  interfere  as  they  exponentially  decay  with  distance.  However,  each  reflection 
off  an  interface  results  in  a  phase  shift,  which  can  masquerade  as  a  time  shift.  As  these  phase  shift  accumulate  on  multiple 
reflections  inside  the  waveguide,  this  may  lead  to  a  significant  change  in  the  properties  of  the  transmitted  field.  One  can 
model  the  waveguide  as  a  medium  with  a  refractive  index  given  by  Eq.  (8)  surrounded  by  two  semi-infinite  media  with 
refractive  index  equal  to  1.  Using  Fresnel  coefficients  for  reflection  and  transmission^O  and  including  the  effects  of  multiple 
reflections  in  the  waveguide,  one  can  derive  the  frequency-dependent  transmission  function 


f{a>) 


a{<D)e"^ 

\  +  P(m)e>^'^ 


(9) 


where 


a[co)  = 


(l +  «{«))' 


fl{(o)  =  - 


0 +  «(«))' 


(10) 


and  k  =  co  n[(o)/c  is  the  wavenumber  in  the  waveguide. 

FIG.  5  shows  the  field  transmission  and  effective  index  calculated  using  Eq.  (9)  for  waveguides  with  a  200-nm 
diameter.  In  the  case  of  a  waveguide  with  a  1-mm  length,  one  can  clearly  see  oscillations  in  the  transmission  just  above  the 
cutoff  frequency.  This  is  a  Fabry-Perot  effect  in  which  non-evanescent  waves  become  standing  waves  inside  the  waveguide. 
Although  a  proper  Fabry-Perot  effect  cannot  occur  with  evanescent  waves,  the  multiple  reflections  inside  the  waveguide 
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Figure  6.  Time-response  function  for  tunneling  through  a  waveguide.  This  curve  wot  calculated  by  numerically  Fourier 
transforming  the  theoretical  transmission  function  including  multiple  reflection  inside  the  waveguide.  The  waveguide 

parameters  are  d-L-  200  pm. 

nevertheless  have  a  significant  effect  on  the  total  transmission.  Most  importantly,  the  theory  can  reproduce  an  effective  index 
that  becomes  negative  at  low  frequencies.  A  strongly  negative  index  implies  a  wave  that  emerges  from  the  waveguide  before 
entering  it.  This  bizarre  effect,  which  has  been  observed  by  us  in  a  very  short  waveguide^  is  the  result  of  phase  shifts 
occurring  on  the  boundary  between  the  waveguide  and  air.  Superluminal  group  velocities  will  only  be  observed  when  the 
waveguide  is  sufficiently  long  that  the  Fabry-Perot  effect  for  evanescent  waves  can  be  ignored. 

4.  CONCLUSION 

Is  it  possible  to  transmit  signals  faster  than  the  speed  of  light  in  vacuum?  Is  it  possible  to  receive  a  signal  before  it  is  sent?  To 
attempt  an  answer  to  these  questions  one  should  first  consider  causality.  If  the  device  response  is  causal  then  if  its  length  is  x, 
the  output  electric  field  is  related  to  the  input  field  by 

^o,At)=  Z.<i^Ei„{t-T)r{T-x/c)  (11) 


and  the  response  fimction  r(t)  is  zero  for  negative  argument.  Any  signals  transmitted  at  times  t  <  x/c  would  violate  causality 
in  some  Lorentz  reference  frames.  In  the  case  of  free-space  propagation,  the  response  function  is  the  Dirac  delta  function.  In 
the  present  case  of  propagation  through  a  waveguide,  the  time-response  function  is  found  from  the  Fourier  transform 


ae 


\  +  Pe'^ 


do) 


(12) 


The  effective  index  of  the  waveguide,  Eq.(8),  tends  to  1  as  the  absolute  value  of  the  complex  frequency  tends  to  infinity. 
Therefore,  this  Fourier  transform  can  be  performed  by  complex  contour  integration  by  closing  the  contour  in  the  upper-half 
plane  (UHP)  if  t- Lie  <  0 .  Therefore,  the  waveguide  response  is  causal  if  there  are  no  poles  in  the  UHP  of  the  integrand  of 
Eq.(12).2^  We  have  not  been  able  to  find  an  analytical  expression  for  the  position  of  the  poles.  However,  a  numerical  search 
only  resulted  in  poles  in  the  LHP  suggesting  that  the  response  is  indeed  causal. 

As  a  further  causality  proof,  the  Fourier  transform  of  Eq.  (12)  was  performed  numerically,  an  example  of  which  is 
shown  in  FIG.  6.  This  figure  shows  the  time-response  function  of  a  waveguide  with  d  =  L  =  200  pm,  that  has  been  calculated 
by  evaluating  the  frequency-response  fimction  up  to  80  THz  with  a  10-GHz  step  size  and  applying  a  Gaussian  filter  with  a 
20-THz  standard  deviation.  The  figure  also  shows  a  “delta  function”  to  indicate  the  time-resolution  of  this  graph.  The  first 
response  of  the  system  is  a  Dirac  delta  function  arriving  at  669  fs,  corresponding  to  L/c.  Thus,  the  electromagnetic-wave 
transmission  through  a  waveguide  is  causal  even  when  one  includes  the  effect  of  multiple  evanescent-wave  reflections. 


260 


t(ps) 


3_ 

W 


FIG.  7.  Propagation  of  a  bandwidth  limited  pulse  through  a  200- pm  diameter  and  length  waveguide.  (Left)  The  input  pulse  is 
has  a  sinc(t)  shape  and  is  advanced  and  attenuated  on  propagation  through  the  waveguide.  The  inset  shows  the  sample  pair 
of  pulses  on  a  scale  from  -30  to  +30  ps.  (Right)  The  (real)  input  spectrum  is  bandwidth  limited  to  d20  cm'‘.  The  output 
spectrum  is  attenuated  and  imaginary.  The  symmetry  of  the  spectrum  ensures  that  the  electric  field  in  the  time  domain 

remains  real. 


The  causality  of  electromagnetic-wave  propagation  through  a  waveguide  can  be  seen  as  proof  that  superluminal 
communication  is  impossible.  In  some  cases,  such  as  an  evanescent  wave  traveling  through  a  waveguide  below  cutoff,  the 
response  function  has  such  a  form  that  it  appears  as  if  signals  are  traveling  superluminally.  However,  the  tunneling  device  in 
effect  performs  an  extrapolation  into  the  future.*>22  Such  an  extrapolation  could  be  performed  even  for  a  pulse  traveling 
through  free  space.  Analysis  (for  example,  through  a  Taylor  expansion)  of  the  wing  of  a  pulse  arriving  before  the  peak  could 
be  used  to  predict  the  arrival  time  of  the  peak.  This  extrapolation  effect  has  been  demonstrated  very  beautifully  in  an 
experiment  using  resonant  amplifiers.23  Thus,  genuinely  new  information  is  contained  in  discontinuities  (as  extrapolation 
through  a  discontinuity  is  impossible)  and  these  appear  always  to  travel  at  less  than  the  speed  of  light  in  vacuum.^  Physically, 
this  can  be  understood  as  arising  from  the  fact  that  discontinuities  have  Fourier  components  at  infinite  frequency  and  in  a 
waveguide,  these  infinite  frequency  components  would  be  above  cutoff.  A  more  general  argument  shows^l  that 
discontinuities  of  any  derivative  order  must  travel  subluminally  if  the  response  function  is  causal. 


Of  course,  practical  communication  devices  do  not  have  an  infinite  bandwidth  and  could  never  produce  a  discontinuity 
or  a  Dirac  delta-function  pulse.  Therefore,  following  the  above  argument,  practical  communication  devices  could  therefore 
never  transmit  “genuinely  new”  information.  FIG.  7  shows  a  theoretical  analysis  of  the  propagation  of  a  20-cm'‘  bandwidth- 
limited  pulse  through  a  waveguide  with  a  200-nm  length  and  diameter.  Because  of  the  bandwidth  limitation,  the  pulse  has 
wings  in  the  time  domain  that  extend  to  /  =  +00 .  The  peak  of  the  pulse  is  advanced  by  almost  a  picosecond  and  thus  exits  the 
waveguide  before  entering  it.  However,  this  is  hardly  surprising  given  the  long  tails  of  the  input  pulse.  Even  if  this 
bandwidth-limited  pulse  had  traveled  through  empty  space,  one  could  have  predicted  the  entire  pulse  shape  from  a  Taylor 
expansion  of  any  point  in  the  tail.  However,  what  would  happen  if  the  signal  in  the  tail  were  so  weak  that  it  would  be  at  the 
level  of  single  photons?  In  that  case,  the  detector  may  have  to  wait  until  the  arrival  of  the  main  peak  and  superluminal 
propagation  of  this  peak  in,  for  example,  a  waveguide  below  cutoff  would  appear  to  result  in  superluminal  propagation  of  the 
signal.  Clearly,  a  better  definition  of  the  concept  of  a  signal  is  required. 
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ABSTRACT 

Monolithic  mm-wave  integrated  circuits  (MMICs)  have  experienced  strong  improvements  in  operation  frequencies  in  the  last 
years.  However,  reports  of  III-V  semiconductor  transistors  to  have  maximum  frequencies  as  high  as  400  GHz  often  stem  from 
extrapolated  measurements  made  at  lower  frequencies,  due  to  bandwidth-limitations  of  the  electronic  equipment.  The 
extrapolation  of  measurements  at  lower  frequencies  is  insufficient  for  an  accurate  determination  of  the  characteristics  of 
passive  or  active  elements  in  this  frequency  range.  Another  frequent  restriction  of  conventional  measurement  techniques  is  that 
the  signal  can  only  be  probed  at  specially  designed  interfaces.  Optical  sampling  techniques  allow  the  detection  of  electric  fields 
with  a  high  temporal  and  spatial  resolution  of  150  fs  and  10  pm,  respectively,  at  any  point  within  or  outside  the  device.'  In 
addition  to  S-parameter  measurements  at  passive  devices  we  demonstrate  the  spatial  field  distribution  of  an  ultra-short  electric 
pulse  propagating  through  a  band-stop  filter  with  a  broad  stop-band  probed  via  electrooptic  (EO)  sampling.  To  demonstrate  the 
potentially  high  bandwidth  of  the  measurement  system  the  geometry  of  the  stubs  has  been  designed  to  show  significant 
attenuation  around  a  frequency  fg  =  350  GHz. 

Keywords:  electrooptic  sampling,  high-frequency  devices,  ultra-fast  optical  measurement  techniques,  band-stop  filter 


1.  THE  MEASUREMENT  SYSTEM 

Band-stop  filters  are  used  in  order  to  suppress  specific  unwanted  frequencies.  The  applied  thin-film  microstrip  (TFMS)  band- 
stop  filter  design  uses  6  pairs  of  open-circuited  resonator  stubs  with  a  length  and  spacing  of  XJA  =  150  pm  with  X,,  being  the 
wavelength  of  the  center  frequency  of  the  stop-band.  The  fabrication  steps  comply  to  the  Cyclotene-based  TFMS  lines  with  a 
polymer  thickness  =  6  pm  and  a  signal  conductor  width  w  =  14  pm.^  For  the  purpose  of  demonstration  the  geometry  of  the 
stubs  has  been  designed  to  produce  significant  attenuation  around  a  frequency  /,  =  350  GHz  and  any  odd  multiple.^  The  stubs 
have  a  quasi-static  characteristic  impedance  of  Z,  =  76  Q  and  the  connecting  line  impedances  are  =  70  Q.  The  filter  is 
terminated  with  50-O-TFMS  lines.  A  scheme  of  the  filter  and  the  TFMS  lines  is  shown  in  Figure  1.  Both,  ground  and  signal 
conductor  are  fabricated  as  Ti/Au-layer  with  a  thickness  of  t  =  0.7  pm. 


All  measurements  are  performed  with  a  mode-locked 
Tirsapphire  laser  emitting  150  fs  optical  pulses  with  a  repetition 
rate  of  75.6  MHz.  The  setup  is  based  on  a  pump/probe  scheme, 
where  one  pump  pulse  (3  mW  average  power)  excites  a 
9V~biased  photoconductive  (PC)  switch  interconnected  to  the 
filter  by  a  TTMS  line  with  a  length  of  3.9  mm.  An  optical  fiber 
is  attached  to  the  PC-switch  in  order  to  provide  stable 
conditions  for  the  raster-scanning  of  the  device  under  test 
(DUT).  The  propagating  electric  field  is  detected  by  a 
temporarily  delayed  probe  pulse  with  an  EO  transducer.  We 
apply  Lithium  Tantalate  (LiTaOj)  and  Bismuth  Silicate  (BSO) 
crystals  as  probes  for  the  external  transversal  and  longitudinal 
field  components,  respectively.  The  probe  beam  is  reflected 
within  the  crystal  by  total  internal  reflection  in  order  to  keep 
any  light  out  of  the  device  and  to  provide  a  sample  constellation 
that  is  unaffected  by  the  reflectivity  of  the  DUT.  Alternatively 
we  are  able  to  probe  the  internal  field  in  the  unpoled  polymer 
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Fig.  1:  (a)  Topview  of  the  band-stop  filter  and  (b)  cross- 
section  of  the  terminating  thin-film  microstriplines. 
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via  non-invasive  electric  field-induced  second-harmonic  (EFISH)  generation.'*  During  the  measurements  the  DUT  and  the 
applied  PC-switch  is  moved  by  a  x-y-translation  stage  while  all  other  optical  components  stay  in  a  fixed  position. 


2.  TIME-DOMAIN  MEASUREMENTS  AND  FILTER  CHARACTERIZATION 

Fig.  2  shows  time-resolved  measurements  of 
the  electric  transients  probed  at  different 
points  on  the  interconnecting  TFMS  lines 
before  and  after  the  filter.  From  Fourier- 
analysis  of  the  time-domain  data,  we  can 
evaluate  the  frequency  dependent  propa¬ 
gation  characteristics  of  the  terminating  lines 
in  terms  of  attenuation  and  relative  effective 
permittivity.  We  use  this  data  to  correct  the  S- 
parameter  measurements  of  the  filter  for  the 
contribution  of  the  interconnects. 


Probing  at  a  distance  of  2  mm  in  front  of  the 
filter  provides  a  separation  of  the  incoming 
signal  from  the  reflected  signal  by  more  than 
20  ps  on  a  time  scale.  The  temporal  width  of 
the  transient  measured  at  a  distance  of  1.5 
mm  to  the  PC-switch  is  only  640  fs.  With  this 
spectrally  broad  signal  a  phonon-polariton- 
resonance  at  1.2  THz,  corresponding  to  the  ringing  in  the  decaying  part  of  the  transients  in  front  of  the  filter,  is  also  generated 
within  the  LiTaOj-crystal.**  This  resonance  is  conterminous  with  an  upper  limit  of  the  systems  measuring  bandwidth.  The  lower 
limit  is  given  by  the  sampled  time  scope  corresponding  to  33  GHz  in  this  case.  The  minimum  detectable  voltage  with  the 
UTaOj-probe  tip  in  contact  to  the  50  Q-lines  can  be  specified  as  ca.  1  mV.  After  the  filter  we  observe  a  significantly  attenuated 
signal  with  some  typical  features  of  a  dirac-pulse  with  a  masked  frequency  band.  Taking  into  account  the  evaluated  propagation 
constants  of  the  terminations  and  the  time-resolved  data  of  the  initial  signal  at  T„  we  have  simulated  the  signal  for  a  continuous 
TFMS  line  as  the  used  terminations  without  a  filter  by  inverse  fourier-transformation.  In  Figure  2  we  compare  the  simulated 
signal  at  T^,  (gray  line)  with  the  measured  signal.  The  peak  amplitude  of  the  filtered  signal  amounts  to  43  %  of  the  simulated 
unfiltered  signal  at  the  same  point.  The  rising  part  of  the  filtered  signal  contains  an  oscillation  of  715  GHz  that  corresponds  to 
the  middle  of  the  pass-band  (see  Figure  3).  The  filter  causes  a  time-delay  of  4.6  ps  to  the  signal. 
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Fig.  2:  Time-resolved  measurements  of  the  transversal  field-amplitude 
of  the  propagating  electric  signal  at  different  points  on  the  terminating 
lines  discribed  by  the  scheme  on  the  right. 


Figure  3  shows  the  measured  attenuation  of  the  filter  with  (dashed  line)  and  without  an  attenuation  due  to  the  interconnects 


(continuous  line)  from  35  to  1000  GHz.  The  plot  exhibits  a 
broad  first  stop-band  with  more  than  10  dB  attenuation  between 
225  GHz  and  508  GHz.  We  can  also  see  the  beginning  of  the 
second  stop-band  around  3fo  at  908  GHz.  The  attenuation 
within  the  pass-bands  is  still  high  between  2  dB  and  7  dB.  This 
may  be  due  to  the  use  of  a  relative  high  number  of  resonator 
stubs  and  a  resistance  mismatch  at  the  line  nodes. 

3.  SPATIALLY  RESOLVED  TRANSIENT  FIELD 
MAPPING 

The  spatially  resolved  measurements  in  Figure  4  are  all 
performed  with  a  BSO  crystal  sensitive  to  field  components  in 
normal  direction  to  the  device  surface.  A  longitudinal  probe  tip 
has  the  ability  to  trace  the  field  from  planar  waveguides  along 
comers.  The  sensitivity  vanishes  if  the  field  is  in  normal 
direction  to  the  optical  axis  of  the  crystal.  As  a  result  a 
transversal  probe,  however,  will  have  no  field-response  from 
lines  in  normal  direction  to  the  c-axis,  what  might  reduce  the 
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Fig.  3:  Frequency  dependend  attenuation  of  the  band- 
stop  filter  with  and  without  interconnections.  The 
labels  relate  to  the  scheme  in  Fig.  3. 
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readability  of  a  corresponding  field-mapping. 
All  mappings  have  been  made  with  the 
crystal  lifted  5  pm  from  the  DUT.  This 
distance  has  reduced  considerably  the 
invasiveness  of  the  measurement  system  due 
to  dielectric  load  for  coplanar  waveguides.^ 
In  this  case  the  impact  is  even  smaller, 
because  the  biggest  contingent  of  the  electric 
field  is  enclosed  within  the  polymer  between 
the  electrodes.  The  dc-mapping  in  Figure  4 
exhibits  a  maximum  of  the  normal  field 
amplitude  over  the  signal  conductor.  A  small 
field  reverse  in  sign  can  be  detected  beside 
the  structure.  There  is  a  qualitative  identical 
response  from  the  orthogonally  orientated 
lines  as  a  benefit  of  the  longitudinal  probe. 
The  stubs  and  there  interconnects  show  a 
smaller  response  due  to  a  decreased  line 
width.  This  filter  contains  a  break  in  one  stub 
at  y  =  120  pm  and  x  =  75  pm  due  to  a 
fabrication  fault,  which  is  also  apparent  in  the 
measured  data.  The  area  of  the  dc-mapping  is 
equal  to  the  area  of  the  seven  time-mappings, 
that  exhibit  snap-shots  of  an  electric  pulse 
with  2  ps  duration  (FWHM)  propagating 
through  the  filter  at  different  times.  All  time- 
mappings  are  normalized  to  the  color-scale 
shown  in  the  upper  right  of  Figure  4.  White  or  black  areas  stem  fi-om  positive  or  negative  field  amplitudes,  respectively.  In  this 
setup  the  pulse  is  sent  in  negative  y-direction  trough  the  DUT.  We  have  measured  a  signal  velocity  reduction  from  203  pm/ps 
on  the  interconnects  to  appr.  100  pm/ps  within  the  filter  what  is  in  good  agreement  with  the  formerly  shown  time-resolved 
simulation.  Hence,  the  minimum  frequency  of  the  first  higher  mode  is  3.3  THz  for  this  structure  the  probed  waveforms  are 
exclusive  of  HEn-type.  In  the  leading  area  of  the  signal  we  can  observe  that  the  pairs  of  resonator  stubs  initially  carry  a  field 
with  a  shape  similar  to  the  dc-mapping.  With  further  progression  the  stubs  exhibit  a  spatial  field  response  with  changes  in  sign 
in  symmetry  to  the  center  line.  This  may  be  due  to  the  generation  of  standing  waves  on  the  resonators. 
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Fig.  4:  Spatially  resolved  mappings  at  the  band-stop  filter:  longitudinal 
electric  field  component  of  an  ultra-fast  transient  signal  at  different 
times  and  electrostatic  field  response  (downright). 
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ABSTRACT 

The  communication  among  molecules  in  a  liquid  takes  place  through  intermolecular  interactions.  Molecules  talk  to  each 
other  through  dipole  moments,  quadrupole  moments,  etc.  or  sometimes  more  directly  through  weak  intermolecular  bonds, 
for  example  hydrogen  bonds.  Understanding  the  structure  and  dynamics  of  these  intermolecular  interactions  have  proven  to 
be  crucial  in  the  quest  to  obtain  a  better  molecular  description  of  chemical  reactivity.  If  for  example  a  molecule  is 
vibrationally  excited,  either  as  a  consequence  of  a  chemical  transformation  or  excitation  by  a  laser,  then  the  molecule  will 
initially  relax  by  intramolecular  vibrational  relaxation  (IVR)  where  predominantly  the  low  frequency  vibrations  are  excited. 
Subsequently  these  low  frequency  modes  relax  by  coupling  to  the  low  frequency  intermolecular  solvent  modes.  The  time 
scale  for  these  intermolecular  interactions  is  in  the  range  from  0.1  to  10  ps,  corresponding  to  a  maximum  spectral  density  at 
a  few  THz,  thus  matching  the  spectral  coverage  of  THz-time  domain  spectrometers.  This  paper  will  describe  recent  THz- 
TDS  results  on  both  polar  and  non-dipolar  liquids,  in  particular  emphasizing  the  relation  between  results  obtained  with 
THz-TDS,  depolarized  Raman  scattering,  and  OHD-RIKES,  and  the  study  of  hydrogen  bonds  in  polar  liquids  and  crystals. 

Keywords:  Far-infrared  spectroscopy,  THz-pulses,  intermolecular  vibrations,  hydrogen  bonds, 

1.  INTRODUCTION 

The  last  decade  has  witnessed  a  growing  interest  in  the  low  frequency  properties  of  liquids’ The  low  frequency  spectrum 
of  a  liquid  is  dominated  by  diffusive  reorientation  of  single  molecules  and  intermolecular  librational  motion^’^  '*.  The  reason 
for  this  interest  is  the  role  played  by  these  low  frequency  modes  during  a  chemical  reaction^  Many  experimental  and 
theoretical  investigations  have  shown  how  solvation  and  relaxation  takes  place  through  coupling  of  the  excited  solute 
molecules  with  the  low  frequency  inter-  and  intramolecular  modes  of  the  solvent.  The  communication  between  solvent  and 
solute  molecules  primarily  takes  place  through  the  low  frequency  vibrations  of  the  solute.®  Another  reason  for  the  interest  in 
low  frequency  modes  is  the  development  of  many  new  experimental  femtosecond  laser  techniques  that  probes  the  low 
frequency  part  of  spectrum.  TeraHertz  time  domain  spectroscopy  (TUz-TBS)^’*’”’’®,  the  Raman  induced  Kerr  effect  (OHD- 
RIKES)"''^  '^’’''’'’  and  transient  grating  or  four  wave  mixing  techniques’"'’’®”  are  all  examples  of  experimental  techniques, 
based  on  femtosecond  lasers,  sensitive  to  the  far-infrared,  or  low  frequency  spectrum  of  liquids.  In  addition  to  these  new 
femtosecond  techniques  the  classical  low-frequency  techniques;  Inelastic  neutron  scattering  (INS)’,  Depolarized  Raman 
Spectroscopy  (DRS)^’^  and  Fourier  transform  far-infrared  spectroscopy  (FT-FIR)’,  still  provide  high  quality  experimental 
data. 

Parallel  to  these  experimental  developments,  the  theoretical  description  of  low  frequency  liquid  modes  has  advanced 
likewise.  In  particular  the  combination  of  Molecular  Dynamics  (MD)  simulations  with  the  theory  of  instantaneous  normal 
modes  (INM)  seems  like  a  very  fruitful  development®.  Another  trend,  inspired  by  the  time  domain  techniques,  emphasizes 
the  time  domain  description  of  low  frequency  modes  in  the  form  of  time  correlation  functions  of  either  dipole  moments  or 
polarizability  tensors. Models  based  on  Brownian  oscillators  have  proven  successful  in  disentangling  the  inter  and 
intramolecular  contributions  to  the  low  frequency  dynamics  of  liquids^®. 
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With  the  introduction  of  all  these  new  theoretical  and  experimental  tools  an  important  issue  is  the  relationship  between  the 
results  obtained  using  different  tools.  Several  papers  address  these  questions  from  a  theoretical  viewpoint,  but  only  a  few 
papers  directly  compares  the  experimental  results  obtained  for  the  low  frequency  modes  of  liquids  using  different 
experimental  techniques^'^^’^'*'^^’^*’^^.  The  most  extensive  work  is  the  comparison,  based  on  the  time  correlation  ftmction 
formalism,  recently  published  by  Castner  and  Maroncelli.^' 

In  the  first  part  of  this  work  we  compare  the  low  frequency  spectrum  of  a  series  of  fluorinated  benzenes  obtained  using  two 
of  the  femtosecond  techniques,  THz-TDS  and  OHD-RIKES  together  with  depolarized  Raman  scattering  (DRS).  In 
particular  we  emphasize  how  similarities  and  differences  in  the  measured  spectral  densities  can  be  used  to  disentangle  the 
different,  diffusive  and  librational,  contributions  to  the  otherwise  broad  and  featureless  far-infrared  absorption  profile.  The 
similarities  also  suggest  that  the  different  data  fitting  and  representation  procedures  traditionally  used  in  the  different 
techniques  are  sound  and  healthy  procedures  that  do  not  distort  or  misrepresent  the  actual  molecular  properties  measured. 

The  technique  TeraHertz  time 
domain  spectroscopy  is  a  well- 
established  experimental  technique 
utilizing  ultrashort  electromagnetic 
transients^.  The  short  transients  are 
generated  by  driving  either  a  non¬ 
linear  optical  crystal  or  a 
photoconductive  antenna  with  a 
femtosecond  optical  pulse.  The 
resulting  transient,  show  in  figure 
1,  is  detected  by  optical  sampling, 
either  in  a  non-linear  crystal^* 
or  a  photoconductive  antenna.  Due 
to  the  high  duty-cycle  of  the 
sampling  technique,  a  very  high 
signal  to  noise  ratio  is  obtainable  in 
the  far-infrared  spectral  range 
below  150  cm"’,  corresponding  to 
wavelengths  longer  than  66  pm.  In 
the  THz-time  domain  spectrometer, 
the  linear  optical  response  of  the 
sample  is  obtained  by  comparing 
two  pulses,  one  that  propagated 
through  the  liquid  sample,  and  one 
that  propagated  in  a  reference 
material,  typically  dry  air.  Since 
the  THz-TDS  technique  is  phase 
sensitive,  one  can  obtain  boA  the 
absorption  coefficient  and  the  index  of  refraction  of  the  sample.  In  the  present  THz-TDS  setup  we  are  able  to  extract  the 
optical  coefficients  up  to  around  4  THz,  depending  on  the  sample.  With  the  recent  combination  of  very  thin  electro-optic 
detectors  and  sub-10  fs  Ti:Sapphire  lasers,  the  spectroscopically  useful  bandwidth  of  THz-spectrometers  is  expected  to 
increase  considerably^®. 

2.  NON-DIPOLAR  LIQUIDS:  COMPARISON  AMONG  DIFFERENT  TECHNIQUES 

In  the  following  we  briefly  outline  the  theoretical  expression  for  the  experimental  signals  obtained  using  the  three  different 
techniques,  THz-TDS,  OHD-RIKES  and  Depolarized  Raman  Scattering.  We  use  M  the  total  dipole  moment  of  the  sample 
and  n  for  the  total  polarizability  of  the  sample.  These  macroscopic  variables  are  then  in  turn  composed  of  single  molecule 
properties  and  interaction  induced  moments.  By  comparing  the  different  experimental  techniques,  one  of  the  goals  is  to  be 
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Figure  1.  THz-pulse  used  in  the  THz-time  domain  spectrometer.  The  inset 
demonstrates  the  excellent  signal  to  noise  ratio  obtainable.  The  weak  oscillations  are 
due  to  trace  amounts  of  water  vapor.  The  spectrum  covers  the  region  from  200  GHz 
to  4  THz  where  the  spectral  amplitude  is  more  than  10%  of  the  maximum  value. 


267 


able,  in  more  detail,  to  describe  the  molecular  motions  responsible  for  the  broad  and  featureless  absorption  profile  observed 
for  most  liquids  in  the  far-infrared. 


THz-TDS:  Theoretically  this  is  the  simplest  technique,  as  it  just  directly  measured  the  linear  absorption  of  the  liquid,  as 
expressed  by  the  macroscopic  total  dipole  moment  of  the  sample.  Using  the  correlation  function  formalism,  the  absorption 
coefficient  can  be  expressed  as 


a((o)  = 


47t^  Im(<o) 
3ScV  n((a)D(ra) 


xco 


1  -  exp\ 
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where  V  is  the  volume  of  the  sample,  n((a)  is  the  frequency  dependent  refractive  index  and  Dfco)  is  the  local  field  correction. 
The  spectral  density  Im(®)  is  the  Fourier  transform  of  the  time  correlation  function  of  the  total  dipole  moment  of  the 
sample 
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The  absorption  is  thus  a  direct  consequence  of  the  flucmations  of  the  total  dipole  moment  M .  The  total  dipole  moment  of 
the  sample  can  be  expressed  by  the  permanent  single  molecule  dipole  moments  and  the  additional  dipole  moments  induced 
by  the  intermolecular  interactions.  For  a  non-dipolar  molecule,  assuming  only-pair  wise  interactions  and  the  leading 
quadrupole-polarizability  term  in  the  expansion  of  the  total  dipole  moment  we  obtain 

M  =  gApij 
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Apij  is  the  interaction  induced  dipole  moment  on  molecule  i  induced  by  molecule  j  given  by  the  electric  field  Ejj  at 
molecule  i  caused  by  the  quadrupole  moment,  Qj  of  molecule  J  and  the  polarizability,  7t  of  molecule  i.  The  value  of  the 
induced  dipole  moment  depends  on  the  intermolecular  separation  through  the  3.  order  propagator  =  V^(y|ry[).  The 

polarizability  is  also  composed  of  a  permanent,  Oj,  and  an  induced  part  ATtjj.  For  a  non-dipolar  molecule,  and  only  retaining 
the  leading  terms,  we  obtain 
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If  we  insert  equation  4  into  equation  3  we  obtain  an  expression  for  the  total  dipole  moment  of  the 
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Another  important  feature  of  the  far-infrared  absorption  is  the  presence  of  the  factor'* 
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in  equation  1 .  In  the  low  frequency  range,  typically  when  fi©<kT,  where  kT~200cm''  at  room  temperature,  in  addition  to 
stimulated  absorption  from  initial  to  final  state,  one  also  has  to  take  into  account  the  stimulated  emission  from  final  to  initial 
state.  Taking  this  into  account  in  the  thermal  averaging  of  the  transition  moments  between  initial  and  final  states  gives  rise 
to  the  factor  in  the  parenthesis,  corresponding  to  the  difference  between  the  number  emitted  and  absorbed  photons. 
Multiplying  with  frequency  gives  the  power  absorbed  in  the  sample. 

The  intensity  of  the  depolarized  Raman  scattered  light  can  also  be  conveniently  expressed  using  the  time  correlation 
fimction  formalism'*''*’"*’^® 
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The  function,  Cn  represent  the  correlation  function  of  the  anisotropic  part  of  the  total  polarizability  tensor  of  the  sample,  112. 
The  scattering  intensity  is  similarly  caused  by  fluctuations  in  the  total  polarizability  tensor  of  the  sample.  This  can  again  be 
expressed  using  the  molecular  polarizability  given  in  eqimtion  4. 
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The  leading  terms  in  both  the  total  dipole  moment  and  in  the  total  polarizability  thus  depend  on  the  dynamics  of  the 
molecular  polarizability.  When  comparing  DRS  data  with  THz-TDS  data  we  must  take  into  account  the  thermal  population 
of  initial  and  final  states.  In  a  scattering  experiment  the  scattering  from  initial  to  final  state  is  represented  by  the  Stokes  part 
of  the  Raman  spectrum,  whereas  the  scattering  from  final  to  initial  state  is  the  anti-Stokes  part.  We  must,  thus  multiply  the 
DRS  spectrum  with  the  factor  given  in  eq.  6  and  we  then  obtain  the  so-called  R(v)  or  R(co)  representation  of  the  DRS- 

18  19 

spectrum  ’  . 


^DRs(®)-  ® 


1  -  exp\ 


—  ho 


kT 


00 

X  ^  J*  i®t)(n2  (o) ;  iij  (t)) 


[9] 


When  comparing  the  DRS  spectrum  with  the  results  obtain  from  OHD-RIKES,  the  spectral  density  observed  in  DRS  is 
often  expressed  using  time  dependent  susceptibilities  or  response  functions  rather  than  correlation  functions  of  the 
polarizability^^  Following  Cho  et  aP  the  DRS  spectrum  is  given  as 
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where  the  frequency  dependent  third  order  non-linear  susceptibility  is  the  Fourier  transform  of  the  time  dependent  response 
function 
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and  the  time  dependent  response  function  is  again  equal  to  the  correlation  function  of  the  polarizability 
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The  signal  observed  in  an  OHD-RIKES  experiment  can  be  expressed  as  a  convolution  between  the  material  response 
function  of  the  sample  and  the  intensity  autocorrelation  function  of  the  laser  pulse,  G^(t),  and  an  instantaneous  electronic 
term,  a. 
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By  Fourier  transforming  equation  13,  the  imaginary  part  contains  the  spectral  density,  directly  comparable  to  the  DRS 
spectral  density  given  in  equation  10 

Sohd-rikes  (®)  “  XijkJ  Gyid  (®)  [  ^ 


Comparing  equations  9,  10  and  14  we  thus  see  that  the  spectral  density  measured  in  DRS,  given  in  the  R((b)  representation 
is  equal  to  the  spectral  density  measured  in  an  OHD-RIKES  experiment,  when  the  OHD-RIKES  spectral  density  is 

multiplied  by  frequency. 


Frequency  [cm"'] 
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Figure  2.  The  spectral  densities  for  CeH^,  C6H3F3,  and 
CftFe  obtained  using  OHD-RIKES  and  DRS  shown 
together  with  the  absorption  coeflScient  obtained  using 
THz-TDS.  The  OHD-RIKES  and  DRS  data  are  arbitrarily 
scaled  to  fit  the  THz-TDS  data.  However  the  scattering 
intensity  observed  in  DRS  closely  follows  the  magnitude  of 
the  absorption  coefficient  observed  in  THz-TDS. 


^  DRS  (®)  -  (0  X  Im  Sqhd-rikes  (®)  [  1 

The  relationship  given  Eq.  15  between  the  OHD-RIKES 
and  the  DRS  data  has  previously  been  demonstrated  in 
references  23,24,  and  25. 

In  the  OHD-RIKES  experimental  data  it  is  often 
possible  to  separate  the  fast  librational  motion  of  the 
liquid  molecules  fi’om  the  slower  rotational  reorientation 
of  the  molecules.  The  rotational  difftision  time  is  several 
picoseconds,  and  thus  typically  an  order  of  magnitude 
slower  than  the  librational  motion  in  the  liquid.  When 
the  slow  diffusive  reorientational  motion  is  subtracted 
from  the  OHD-RIKES  data,  one  obtains  the  reduced 
spectral  density  of  the  OHD-RIKES  data'^,  i.e.  the 
spectrum  without  the  contribution  from  rotational 
diffusion.  We  will  use  the  reduced  spectral  density  of  the 
OHD-RIKES  data  when  comparing  with  the  THz-TDS 
data.  Descriptions  of  the  experimental  setups  for  the 
THz-TDS,  DRS,  and  OHD-RIKES  can  be  found  in  the 
original  publications.^’”'^'’’^^’^^  Figure  2  shows  the 
spectra  obtained  for  benzene,  1,3,5  trifluorobenzene, 
and  hexafluorobenzene^^.  Due  to  the  limited  bandwidth 
of  our  THz  system,  the  present  data  only  extends  to 
~100  cm"',  corresponding  to  3  THz.  THz-TDS  is  the 
only  technique  of  the  three  vriiere  the  measurements  are 
given  on  an  absolute  scale;  the  power  absorption 
coefficient  in  Neper/cm.  In  addition  the  refractive  index, 
not  shown,  is  also  obtained  using  THz-TDS.^®  It  is 
evident  from  figure  2,  that  there  is,  within  the 
experimental  uncertainty,  very  good  agreements  between 
the  spectral  response  observed  using  the  different 
experimental  techniques.  The  main  discrepancy  is 
caused  by  the  diffusive  component  observable  at  the 
lowest  frequencies.  The  comparison  indicates  that  the 


diffusive  component  is  absent  from  the  THz-TDS  data.  The 
DRS  and  OHD-RIKES  data,  including  the  diffusive 
component  are  in  full  agreement,  and  the  THz-TDS  data  and 
the  OHD-RIKES  data  without  the  difiusive  component  also 
agree.  From  figure  2  it  is,  however,  evident  that  the  DRS 
and  THZ-TDS  or  the  reduced  OHD-RIKES  spectra  are 
different  beyond  the  experimental  uncertainty  for  the  lowest 
frequencies.  The  diffusive  reorientation  of  the  polarizability 
is  a  single  molecule  property  and  thus  not  observable  in  the 
THz-TDS  spectrum  for  non-dipolar  liquids,  where  only 
collision,  or  interaction  induced  moments  contributes. 
Another  indication  of  the  purely  librational  response  of  the 
non-dipolar  liquids  is  found  in  the  temperature  dependence 
of  the  absorption  coefficient.  The  amplitude  of  the 
interaction-induced  spectrum  depends  on  the  collision  rate 
and  is  thus  expected  to  drop  as  the  density  decreases  with 
increasing  temperature.  For  a  diffusive  process  the 
reorientation  is  activated  and  the  absorption  increases  as  the 
temperature  is  increased.  The  temperature  dependence  of  the 
far-infrared  absorption  might  be  a  sensitive  probe  of  the 
character  of  the  absorption^*.  This  is  illustrated  in  figure  3 
where  the  far-infrared  absorption  is  shown  for  three 
molecules,  benzene,  bromoform  and  water.  For  benzene  the 
absorption  drops  as  expected  for  a  non-dipolar  molecule 
where  the  absorption  is  due  to  collision  induced  processes. 
For  the  polar  water  molecules,  however,  the  absorption 
increases  with  temperature**’"'®,  due  to  the  activated 
reorientation  of  the  permanent  dipoles  in  liquid  water.  For 
bromoform,  a  polar  molecule  with  a  dipole  moment  of  0.99 
Debye,  the  absorption  decreases  with  increasing  temperature 
indicating  that  induced  processes  and  not  diffusive 
reorientation  of  the  permanent  dipole  moments  are  the  main 
contributors  to  the  absorption.  Work  is  in  progress  to  study 
the  temperature  dependent  far-infrared  absorption  for  a 
range  of  polar  and  non-dipolar  liquids  with  varying  dipole-, 
quadrupole  moment  and  polarizability. 


0  12  3 
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Figure  3.  The  temperature  dependent  far-infrared 
absorption  for  2  dipolar,  H2O  and  CHBrs  and  1  non- 
dipolar,  CeHe  liquid.  The  decreasing  absorption  observed 
for  bromoform  indicates  that  induced  processes  are  the 
main  contributors  to  the  absorption  signal  observed. 


3.  POLAR  LIQUroS:  INTER-  AND  INTRAMOLECULAR  HYDROGEN  BONDS. 

Due  to  the  central  role  played  by  liquid  ■water  in  numerous  chemical  and  biological  systems,  the  far-infrared  response  of 
liquid  water  has  been  extensively  studied  using  THz-TDS'"’"'^’''*  and  a  wealth  of  other  experimental  techniques*’*’"’"'.  In  this 
paper  we  will  briefly  describe  the  results  from  the  Aarhus  laboratory  and  a  recent  attempt  to  find  simple  model  systems  for 
the  0  •  •  ■  H  -  0  hydrogen  bonds.  Due  to  the  strong  absorption  of  liquid  water  in  the  far-infrared  spectral  range,  transmission 
measurements  are  difficult,  as  very  thin  samples,  d  <  100pm,  are  required.  In  particular  for  temperature  and  index 
dependent  measurements  the  use  of  very  thin  samples  becomes  troublesome.  We  have  instead  proposed  and  demonstrated 
THz-TDS  in  the  reflection  mode,  where  the  optical  constant  are  obtained  from  an  analysis  of  two  THz-pulses.  The  first 
(reference  pulse)  is  from  a  well-kno’wn  interface,  for  example  air  to  silicon  and  the  second  (sample  pulse)  is  the  silicon  to 
water  interface.  Using  a  1.9  mm  thick  window  of  high  purity  silicon  to  the  liquid  cell,  the  sample  and  reference  pulses  are 
simultaneously  obtained  from  a  single  scan  as  the  front  and  back  surface  reflections  from  the  "window.  At  normal  incidence 
the  Fresnel  coeflScients  can  be  inverted  analytically  and  the  index  and  absorption  for  the  highly  absorbing  liquid  is  obtained. 
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The  method  relies  on  phase  shift  imposed  on  the  reflected 
pulse  by  the  large  absorption  coefficient  and  is,  consequently 
not  applicable  in  the  study  of  non-dipolar  liquid  or  dipolar 
liquids  with  limited  far-infrared  absorption. 

Due  to  the  small  moment  of  inertia  of  water,  the  diffusional 
reorientation  of  water  molecules  is  observed  in  the  THz-range 
at  room  temperature,  as  opposed  to  for  example  larger 
molecules  v^here  these  processes  give  rise  to  absorption 
typically  below  0.250  THz.  The  dynamics  of  liquid  water  is 
accurately  described  by  a  simple  extension  of  the  classical 
Debye  model. 


By  assuming  two  Debye  relaxation  times,  a  fast  -C2  aiid  a  slow 
td,  the  complex  dielectric  constant  is  reproduced  from  0.1-2 
THz  in  the  temperature  range  from  -4  to  93  °C 


l  +  ia)Tn  1  + 1(0X2 

'lit 

w  In  terms  of  the  dipole  correlation  fiinction  formalism®,  this 

’  dielectric  function  corresponds  to  a  double  exponential  decay 

^  ^  constants  Td  and  T2  and  amplitudes  (es-£2)  and  (ei-e®)  • 

The  temperature  of  the  slow,  Td,  relaxation  time  is  show  in 
Q  5 1  .  I  .  I  .  I  .  I  figure  4.  For  a  simple  activated  process,  one  can  infer  the 

0.4  0.8  1.2  1.6  temperature  independent  activation  energy  from  the  slope  of 

-ln(T/Tj-l)  the  plot  of  Td  versus  1/T.  However,  for  liquid  water  the 

activation  energy  is  also  a  function  of  temperature,  indicating 
Figure  4.  The  upper  part  of  the  figure  show  the  temperature  dependent  structural  changes  in  liquid  water 

relaxation  times  for  H2O  together  with  the  D2O  data  changes  the  reorientation  barrier  for  the  water  dipoles, 
shifted  by  7.2  K.  In  the  lower  part  the  relaxation  times  Currently,  there  is  a  huge  interest  in  exploring  the  phase 

for  both  H2O  and  D2O  are  plotted  versus  -ln(T/Ts-l).  diagram  of  water  at  low  temperatures.  A  very  interesting 

The  slope,  y,  is  1.57  for  both  HjO  and  DjO.  hypothesis  suggest  that  a  structural  transition  occur  between 

two  amorphous  water  structures;  a  strongly  hydrogen  bonded 
liquid  with  low  density  (LDL)  and  a  weakly  hydrogen  bonded 
liquid  with  high  density  (HDL)'^^.  The  temperature  dependent  activation  enthalpy  for  the  dipolar  reorientation  observed  in 
our  experiment  can  thus  naturally  be  explained  as  a  temperature  dependent  change  in  the  partition  between  LDL-water  and 
HDL-water''®’''’.  In  order  to  clarify  the  structural  origin  of  the  dipole  relaxation  process  we  have  performed  temperature 
dependent  studies  of  the  relaxation  times  for  both  H2O  and  D2O,  and  we  found  that  by  shifting  the  temperature  scale  for 
D2O  by  7.2  K  the  slow  relaxation  times  for  H2O  and  D2O  becomes  equal  as  indicated  in  figure  4.  This  indicates  that  the 
singular  point  of  the  LDL-HDL  transition  for  D2O  is  found  at  a  temperature  7.2  K  higher  than  that  of  H2O.  A  singular  point 
in  the  deep  supercooled  region  of  the  phase  diagram  will  give  rise  to  a  power  law  dependence^*  of  the  relaxation  times. 


Td  |t  -TjI  ^ ,  where  Ts  is  the  temperature  of  the  singular  point  for  H2O  and  D2O. 

The  straight  line  observed,  when  both  H2O  and  D2O  are  plotted  versus  -ln(T/Ts-l), 
with  Ts  =  228  K  for  H2O  and  Ts=235.2  for  D2O  supports  the  LDL-HDL  model  for 
liquid  water.  Several  other  experimental  and  theoretical  observations  are  in  favor  of 
this  view  of  two  types  of  water,  or  more  correctly  two  types  of  hydrogen  bonds, 
strong  and  weak."'®’*®’^' 


Figures.  1 -phenyl- 1,3- 
butanedione. 


Not  only  in  water,  but  also  m  large  bio-molecules  are  the  hydrogen  bonds  the  key 
element  in  imderstanding  the  structure  and  dynamics,  and  thus  the  functionality  of 
these  vital  molecules*^’”.  Consequently,  studying  the  "Nature  of  the  Hydrogen  Bond" 
is  presently  a  field  of  intense  activity*®.  In  an  attempt  to  find  a  simple  model  system 
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Figure  6.  The  far-infrared  spectrum  of  a  0.7  mm  single  crystal  of  l-phenyl-1,3- 
butanedione.  The  crystal  is  rotated  with  respect  to  the  polarized  THz-pulse.  due 
to  the  strong  absorption  data  above  2  THz  are  xmcertain. 


for  the  0---H-0  hydrogen  bond, 

we  have  recently  used  THz-TDS  to  ,  ^  ^  ^  ^  ^ 

study  intramolecular  hydrogen  bond  70  -  a  i 

m  1 -phenyl- 1,3-butanedione  shown  -  I  A  AT' 

in  figure  5.  This  molecule  belongs  to  60  -  Jk  _o_90de^  A  Aq 

a  class  of  molecules  with  very  strong  i — i  ^  i 

hydrogen  bonds.  The  strengths  of  the  ”  jl  U  ' 

hydrogen  bond  is  sufficient  to  cause  ^  ' 

the  oxygen-oxygen  distance  C  ^  o  ^ 

(»2.5A)”  to  be  considerably  shorter  jXA  fl  Qo 

than  the  normal  conjugated  0-0  &  4  4p  ^  • 

distance.  Since  l-phenyl-1,3-  ^  20  -f  M  9 

butanedione  crystals  were  only  <;  ■  q 

available  in  dimensions  of  the  order  10  •  g  ^ 

of  a  few  millimeter,  i.e.  comparable  ^  V 

to  the  wavelength  of  the  THz-pulses,  0 

great  care  must  be  taken  in  order  to  t;  ^  ^  riu  i  ^  ^  ^  ^ 

avoid  diffiactive  effects.  Using  a  Frequency  [IHzJ 

THz-system  with  an  additional 
focus’*  the  spot-size  of  the  THz- 

beam  is  (independent  of  the  Figure  6.  The  far-infrared  spectrum  of  a  0.7  mm  single  crystal  of  l-phenyl-1,3- 
wavelength)  of  the  order  of  2  mm.  In  butanedione.  The  crystal  is  rotated  with  respect  to  the  polarized  THz-pulse.  due 

addition  small  pinholes  were  used  to  to  the  strong  absorption  data  above  2  THz  are  xmcertain. 

remove  edge  effects.  Initially,  we 

studied  small  single  crystals  of  1 -phenyl- 1,3-butanedione.  The  far-infrared  spectrum,  shown  in  figure  6,  is  surprisingly  rich 
with  several  sharp  resonances  below  2  THz.  For  frequencies  higher  than  2.0  THz  the  strong  absorption  prevents  radiation 
from  passing  through  our  0.7  mm  thick  crystals.  The  crystalline  sample  is  dichroic  showing  a  strong  dependence  on  the 
orientation  of  the  crystal.  This  is  expected  to  facilitate  the  assignment  of  the  observed  resonances  to  the  vibrational  modes 
of  the  molecular  hydrogen  bonded  molecule.  To  investigate  the  inter-  or  intramolecular  character  of  the  absorption,  we  have 

also  investigated  1 -phenyl- 1,3-butanedione 
molecxiles  dissolved  in  paraffin.  Paraffin  was 
simply  heated  above  its  melting  point  at  60  °C  and 
16 1 — . — , — . — I — ^ — I — ^ — , — . — I — . — I — . — I — ^ —  the  l-phenyl-l,3-butanedione  molecules  (melting 

I  ;  A  point  60  °C)  are  dissolved  in  the  melted  paraffin. 

14  -  — ■ — I-pnenyl-l,3-butadione  f  \  _ 

B  =0.72  THz,  (« =0.83  THz  f  \  The  liqmd  solution  is  then  poured  mto  a  preform 

12  .  »,=i.iothz,b=i.74thz  I  \  .  and  allowed  to  cool  slowly.  Paraffin  has  a  very 

/  ft  weak  far-infrared  absorption’’  and  is  consequently 

I  ■  I  y.  ■  an  ideal  far-infrared  host  material.  Furthermore,  at 

§  *  ■  i  \  ■  the  long  wavelengths  the  scattering  from  paraffin  is 

•g  ■  /  \  negligible.  In  figure  7  we  show  a  spectrum  of 

o  ®  ■  A  /  \  1 -phenyl- 1,3-butanedione  in  paraffin.  Due  to  the 

4  .  I  \  /  \  -  lower  concentration  of  absorbers,  the  strong 

I  \  y  \  resonance  at  2.78  THz  is  now  resolved.  We  have 

2  ■  K  K  J  performed  measurements  on  the  single  crystal 

oli.,— , _ I _ , _ , _ , _ I _ , _ I _ , _  as  Action  of  temperature  and  observed  an 

o.cr  0.5  1.0  1.5  2.0  2,5  3.0  3.5  4.0  increase  in  the  resonance  frequencies,  and  narrower 

Frequency  [THz]  linewidths  as  temperature  decreases.  At  this  stage  it 

is  not  possible  to  rule  out  the  presence  of 
intermolecular  bonding  in  the  1 -phenyl-1, 3- 
butanedione,  but  the  result  clearly  indicate  that 
Figure  7.  Far-infrared  spectrum  of  l-phenyl-l,3-butanedione  THz-TDS  is  a  powerful  experimental  technique  for 

dissolved  in  paraffin.  The  full  line  is  a  Lorentzian  fit  to  the  5  investigating  of  the  characteristic  properties  of 

resonances  observed.  inter-  and  intramolecular  low  frequency  vibrations 


— • —  l-phenyl-l,3-butadione 
a  =0.72  THz,  (o  =0.83  THz 
»3=1.IOTHz,co  =1.74  THz 
»  =2.78  THz 
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Figure  7.  Far-infrared  spectrum  of  l-phenyl-l,3-butanedione 
dissolved  in  paraffin.  The  full  line  is  a  Lorentzian  fit  to  the  5 
resonances  observed. 
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of  the  0---H-0unit.  The  natural  extension  of  this  work  is  to  study  bio-molecular  crystals  directly.  Work  is  presently 
underway  to  study  bio-molecular  crystals  with  TeraHertz  time  domain  spectroscopy 
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ABSTRACT 

We  report  gas  absorption  spectra  and  energetic  material  reflection  spectra  measured  with  an  all-electronic  terahertz  (THz) 
spectrometer.  This  instrument  uses  phase-locked  microwave  sources  to  drive  picosecond  GaAs  nonlinear  transmission  lines, 
enabling  measurement  of  both  bro^band  spectra  and  single  lines  with  hertz-level  precision,  a  new  mode  of  operation  not 
readily  available  with  optoelectronic  THz  techniques.  We  take  two  approaches  to  coherent  measurements:  (1)  spatially 
combining  the  freely  propagating  beams  from  two  coherent  picosecond  pulse  generators  (which  have  discrete  spectra  ranging 
from  -  6  to  >  500  GHz),  or  (2)  using  a  more  conventional  coherent  source/detector  arrangement  with  sampling  detectors.  The 
first  method  employs  a  dual-source  interferometer  (DSI)  modulating  each  harmonic  of  one  source  with  a  precisely-offset 
harmonic  from  the  other  source — both  sources  being  driven  with  stable  phase-locked  synthesizers — the  resultant  beat 
frequency  can  be  low  enough  for  detecdon  by  a  standard  composite  bolometer.  Room-temperature  detection  possibilities  for 
the  DSI  include  antenna-coupled  Schottky  diodes.  Finally,  we  have  recently  introduced  a  reflectometer  based  on  serrodyne 
modulation  of  a  linearized  delay  line,  using  a  technique  that  is  process-compatible  with  pulse  generator  circuits. 

Keywords:  electronic  terahertz  techniques,  gas  spectroscopy,  reflection  spectroscopy,  nonlinear  transmission  lines,  samplers, 
coherent  measurements,  dual  source  interferometer 


1.  INTRODUCTION 

There  is  a  strong  need  for  integrated  circuit  (IC)  sensors  in  the  THz  regime.  Applications  include  multi-species  gas  sensing  to 
monitor  automotive  and  factory  emissions,  particularly  in  the  presence  of  particulates  (e.g.  soot  from  diesels)  that  scatter 
near-infrared  radiation  used  in  today’s  near-infrared  (NIR)  gas  sensors.  Other  applications  might  include  measuring 
reflections  with  portable,  inexpensive  equipment  for  security  and  location  of  buried  objects.  Finally,  all  of  these  electronic 
techniques  would  benefit  from  IC-compatible  coherent  measurement  capabilities. 

For  wavelengths  longer  than  the  NIR,  Fourier-transform  infrared  (FI'IR)  spectroscopy  is  the  dominant  method  for  measuring 
absorption  spectra^.  While  FTIR  has  been  used  in  the  millimeter-wave  regime  with  specialized  equipment^,  the  relative 
weakness  of  the  blackbody  source  below  10  cm  *  (300  GHz)  requires  prohibitively  long  scans  and  averaging  times. 

As  an  alternative,  we  employ  a  dual-source  interferometer  (DSI)  that  is  not  only  compact  but  also  free  of  the  need  for  a 
coherent  detector  so  that  an  incoherent  (e.g.  photoconductive  or  bolometric)  detection  mechanism  can  be  used^’^.  This 
eliminates  the  noise  inherent  in  a  sampling  detector  and  establishes  a  baseline  for  future  fully  integrated  implementations  that 
would  use  sampling  detectors.  In  the  first  section  of  this  paper  we  describe  and  analyze  the  DSI,  and  demonstrate  its  use  in 
measuring  gas  absorption  spectra. 

We  then  briefly  discuss  measurements  of  reflection  spectra  of  energetic  materials  using  a  more  conventional  sampling 
detector,  and  finally  review  a  new  means  of  generating  coherent  signals  from  a  single  source.  This  approach  may  play  a  role 
in  future  handheld  electronic  THz  systems. 

To  generate  broadband  (discrete)  spectral  energy  in  the  1-1000  GHz  regime,  we  use  nonlinear  transmission  line  (NLTL) 
pulse  generators  coupled  to  broadband  planar  antennas^-^.  The  GaAs  IC  NLTLs  used  in  this  work  consist  of  series  inductors 
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(or  sections  of  high-impedance  transmission  line)  with  varactor  diodes  periodically  placed  as  shunt  elements.  On  this 
structure  at  room  temperature  a  fast  (~  1-2  ps)  voltage  step  develops  from  a  sinusoidal  input  because  the  propagation  velocity 
u  is  modulated  by  the  diode  capacitance,  u  (V)  =  1  l-yjLCiV) ,  where  L  is  the  line  inductance  and  CiV)  the  sum  of  the 

diode  and  parasitic  line  capacitance^’^®.  Limitations  of  the  NLTL  arise  from  its  periodic  cutoff  frequency,  waveguide 
dispersion,  interconnect  metallization  losses,  and  diode  resistive  losses.  Improvements  in  NLTL  design  have  resulted  in  sub¬ 
picosecond  pulses  at  room  temperature^^ 

2.  DUAL-SOURCE  INTERFEROMETER 

In  this  spectrometer  we  spatially  combine  the  freely  propagating  beams  from  two  coherent  NLTL  pulse  generators,  resulting 
in  a  compact,  reliable,  and  easy-to-implement  micro-  and  millimeter-wave  source  for  spectroscopy.  Because  the  DSI 
modulates  each  harmonic  of  one  source  with  a  precisely-offset  harmonic  from  the  other  source — ^both  sources  being  driven 
with  stable  phase-locked  synthesizers — ^the  resultant  beat  frequency  can  be  low  enough  for  detection  by  a  standard  composite 
bolometer.  Room-temperature  detection  possibilities  for  the  DSI  include  antenna-coupled  Schottky  diodes,  which  we  have 
under  development. 

1.  Description  of  DSI 


Fig.  1.  Dual-source  interferometer  configuration.  Elach  source/antenna  combination  is  at  the  focus  of  a  paraboloidal 
mirror  and  radiates  a  polarized  beam,  which  is  transmitted  (“A”)  or  reflected  (“B”)  by  the  polarizing  beamsplitter 
(PB).  The  output  polarizer  (P)  selects  half  the  power  of  each  beam.  The  output  waveform  is  that  detected  by  a 

bolometer 

In  the  dual-source  interferometer,  the  output  of  each  NLTL  feeds  an  integrated  bow-tie  antenna  (Fig.  1)  mounted  at  the  focus 
of  a  hyperhemispherical  high-resistivity  silicon  lens^^.  These  lenses  in  turn  are  mounted  at  the  foci  of  off-axis  paraboloidal 
mirrors.  The  beams  collimated  by  the  mirrors  are  either  transmitted  (Source  “A”)  or  reflected  (Source  “B”)  by  a  wire-grid 
polarizing  beamsplitter.  Each  beam  then  contributes  equally  to  the  final,  linearly  polarized  beam  by  arrangement  of  a  final 
wire-grid  polarizer  mounted  at  45“  to  the  beamsplitter.  Note  fliat,  while  the  prototype  construction  is  already  small 
(~  170  mm  long,  120  mm  wide,  and  80  mm  high),  it  would  be  possible  to  fabricate  two  antennas  and  their  circuitry  on  the 
same  substrate,  making  the  whole  system  extremely  compact^.  We  also  note  that  other  workers  have  described  similar  ideas 
using  laser-triggered  photoconductive  switches*^"^^,  but  one  advantage  of  the  current  system  is  its  all-electronic  approach, 
which  offers  precise  amplitude  (0.01  dB)  and  frequency  (1  Hz)  control  of  the  fundamental  excitation. 

Each  source  is  fed  by  a  100-900  mW  sinewave  generated  by  one  of  two  microwave  synthesizers,  both  of  which  share  a 
common  10  MHz  timebase.  The  output  of  one  synthesizer  is  offset  by  Af  «  fo  (Af  -  1(K)  Hz;  fo  =  3-10  GHz),  and  this  offset 
is  used  as  a  trigger  for  a  Fast  Fourier  Transform  (FFT)  spectrum  analyzer  or  digital  lock-in  amplifier.  While  the  synthesizers 
and  broadband  power  amplifiers  used  in  the  present  demonstration  are  expensive,  they  could  be  replaced  by  an  inexpensive 
single  source  combined  with  a  new  NLTL-based  frequency  translator^®’*^. 
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2.  Analysis  of  DSI 

Here  we  analyze  the  viability  of  a  detection  method  based  on  combining  two  waveforms  of  slightly  offset  frequencies  at  a 
power  sensor  such  as  a  bolometer.  Assume  first  that  we  have  two  periodic  waveforms  v(f)  and  w{t)  of  the  same  frequency 

/  =  1  /  r  ,  so  that 

v(f  +  r)  =  v(0, 
w{t  +  T)  =  wit). 

We  combine  them  and  excite  a  detector  with  the  result.  The  detector  is  slow  enough  that  it  can  only  measure  the  average 
power  of  the  radiation  that  impinges  upon  it.  If  one  of  the  waveforms  is  shifted  with  respect  to  the  other  by  a  we  obtain 

.  r  ^  r  j  T  2  ^ 

Pia)  =  —  J  [v(0  +  w{t  +  a)Ydt  =  —^v^  it)dt  +—jw^it+a)dt+—j  v(0w(f  +  a)dt 

T  T 

=  J  (0 + ^  J  vit)wit  +  a)dt 

as  the  detected  power.  Clearly,  only  the  last  term  of  the  above  formula  is  dependent  on  the  amount  of  the  relative  shift 
a  between  the  two  waveforms;  the  first  term  is  merely  a  DC  offeet.  In  the  subsequent  calculations  we  will  focus  only  on  the 

shift-dependent  term  which  we  will  call  2P(a)  .  Since  the  waveforms  v(f)  and  wit)  are  real  functions,  we  have 

1  r  2  r 

Pia)  =  — I  vit)wit  +  a)dt  =  — |  v*  , 

where  the  denotes  complex  conjugation.  Since  v(f)  and  wit)  are  periodic,  we  can  write  them  as  Fourier  series 

v(0=  Xv„exp(^f) 

M0=  Xw„exp(^f) 

n=-«> 

yielding 

7*  T  oo  oo 

j v*it)wit  +  a)dt  =  I  exp(-^0 exp(^(f + a))if 

0  0 

T 

=  X  V*  X  w J exp(-  2fLt)exp{^ it  +  a))dt 

m=-oo  n=-oo  0 

ms-eo  n=-«o 

=  2tiT  Xv>„  exp(^fl)=  2itT  Xv>„  exp(^a) 

n=-oo  «=-«> 

or 

■j  r  1  ^  ** 

Pia)  =  —  J vit)wit  +  a)dt  =  ^ J v*(0w(f  +  a)dt  =  2k  X^I^™  exp(^a) . 

If  the  relative  shift  a  between  the  two  waveforms  is  varied  (slowly  compared  to  the  frequency  /  =  l/T ),  the  detected 
average  power  will  vary  as  well,  according  to  the  above  equation.  In  particular,  if  a  =  Tf  t ,  where  f  «  f  is  the  offset 
frequency,  then 
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3.  DSI  Results 

As  shown  in  Fig.  2,  the  DSI  can  illuminate  a  single-pass  absorption  cell  using  off-axis  paraboloidal  mirrors  to  collimate  the 
radiation  and  collect  it  for  detection  by  a  bolometer.  Using  a  digital  lock-in  amplifier,  we  could  measure  a  single  harmonic  of 
the  DSI,  in  this  case  at  133.785980  GHz,  the  20*  harmonic  of  the  fundamental  of  6.689299  GHz.  To  measure  the  data  shown, 
we  used  a  third  synthesizer  to  provide  the  10  MHz  timebase  for  the  microwave  synthesizers  then  varied  this  10  MHz  signal  to 
continuously  sweep  the  harmonics  of  the  DSI.  This  enabled  the  extremely  narrow  linewidth  of  0.1  torr  OCS  to  be  resolved, 
with  an  equivalent  Q  (VAf)  of  >  8  x  10®.  In  Fig.  3  we  show  the  effect  of  pressure  broadening  on  this  line. 


133.785920  133.785980 

Frequency  (GHz) 

Fig.  2.  Dual-source  spectrometer  system  conngured  for  gas  absorption  measurements.  Inset  shows  raw  and  smoothed 
data  from  0.1  torr  OCS  vs.  vacuum  from  a  76  cm  long  ceU,  uncorrected  for  background  power  slope.  Horizontal  scale 
is  20  kHz  per  large  division. 
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Fig.  3.  Pressure  broadening  of  OCS  line  measured  by  DSI.  Center  frequency  133.78597  GHz  (20th  harmonic  of 
6.6893  GHz),  sweep  width  11.8  MHz.  Pressure,  from  left  to  right,  top  to  bottom:  0.5, 0.3, 0.2  and  0.1  torn 

3.  REFLECTION  SPECTROSCOPY 

Increasingly  sophisticated  weapons  and  explosives  require  increasingly  sophisticated  detection  technologies.  Non-metallic 
varieties  of  these  threats  are  especially  important  because  they  elude  familiar  metal-detecting  portals,  so  they  have  motivated 
development  of  a  multi-pronged  approach  to  detection,  including  residue  sniffing  and  computerized  tomography.  These 
techniques,  however,  have  significant  drawbacks,  suffering  from  invasiveness,  slowness,  unfamiliarity  to  the  public,  and 
significant  potential  for  false  negatives^*. 

Threats  like  these,  however,  appear  to  be  readily  detectable  and  even  identifiable  using  a  broadband  of  signals  in  the  sub-THz 
regime  (l-5(X)GHz),  based  on  experiments  reported  here.  Traditional  equipment  for  generating  and  detecting  these 
frequencies  has,  however,  been  difficult,  bulky  and  expensive.  The  objectives  of  this  work  are  to  develop  and  apply  all- 
electronic  and  monolithically  integrated  technology  for  generating  and  detecting  these  broadband  signals  to  the  problem  of 
imaging  the  reflection  spectra  of  plastic  weapons  and  explosives  on  human  subjects. 

Many  of  the  concepts  we  employ  here  are  being  pursued  at  lower  frequencies  for  target  detection  at  higher  resolutions  than 
traditional  narrowband  radar  allows.  This  ultrawideband  (UWB),  carrier-free,  impulse,  or  baseband  radar  has  been  rapidly 
gaining  popularity  in  applications  where  complex  and  elusive  targets  are  the  norm^^.  UWB  radar  has  benefited  from  very 
recent  advances  in  semiconductor  technology  enabling  the  production  of  sub-nanosecond  pulses  with  peak  powers  of  over  1 
megawatt  but  having  average  powers  in  the  milliwatt  regime. 

By  contrast,  the  technology  we  employ — ^the  integrated-circuit  nonlinear  transmission  line  (NLTL) — essentially  trades  power 
for  speed,  producing  pico-  or  even  sub-picosecond  pulses  with  peak  powers  less  than  one  watt  and  average  powers  in  the  low 
microwatt  regime.  TOese  power  levels  are  non-ionizing  and  biologically  inconsequential,  but  because  we  can  employ 
coherent  detection,  rejecting  noise  outside  the  frequencies  of  interest,  we  can  still  measure  useful  spectra  with  them. 

Baseband  pico-  and  sub-picosecond  pulses  of  freely  propagating  radiation,  usually  generated  and  coherently  detected  with 
photoconductive  switches  and  ultrafast  lasers^®'^^^  have  been  useful  for  broadband  coherent  spectroscopy  of  materials, 
liquids,  and  gasses  in  the  THz  regime.  Such  systems  have  even  been  used  for  what  could  be  called  scale-model  UWB 
radar23.  These  highly  versatile  beams  of  ultra-short  electromagnetic  pulses  can  be  treated  quasi-optically:  They  are  diffracted 
and  focused  with  mirrors  and  lenses,  and  the  resultant  effects  can  be  readily  observed  in  the  time-domain  waveform  at  the 
detector.  Consequently,  such  beams  are  singularly  useful  for  spectroscopy  in  a  difficult-to-access  spectral  regime,  and  recent 
reports  of  spectroscopic  imaging  with  these  optoelectronic  systems  have  generated  much  interest^^. 
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Using  system  concepts  identical  to  the  optoelectronic  THz  systems  but  with  electronic  components  (Fig.  4),  we  have 
configured  an  NLTL-antenna  generator  and  coherent  sampling  detector  in  a  focused  reflection  spectroscopy  system  using  off- 
axis  ellipsoidal  mirrors. 


Phase  lock 


Fig.  4.  System  diagram  for  electronic  THz  reflection  spectroscopy. 

Broadband  (as  opposed  to  single-wavelength)  imaging  has  the  chief  advantage  of  flexibility:  if  weapons  change  composition 
over  the  years,  a  single-wavelength  or  narrowband  source  may  no  longer  detect  the  new  composition,  but  having  a  broad 
range  of  frequencies  maximizes  the  opportunity  to  detect  the  new  threat’s  signature. 

One  example  of  this  advantage  is  shown  in  the  data  we  present  here.  C-4  is  primarily  RDX  with  a  plasticizing  binder.  As 
shown  in  Fig.  5,  the  broadband  reflection  spectra  out  to  450  GHz  show  clear  similarity  between  C-4  and  RDX;  both  are 
distinct  from  HMX,  demonstrating  specificity  in  the  dielectric  response  of  these  targets.  The  contrast  we  measure  is  not  fully 
explained,  but  probably  arises  from  the  granularity  of  the  materials,  their  dielectric  constants  and  orientation  of  the  sample,  as 
distinct  from  rotational  absorption  of  chemical  bonds. 


Figure  5.  Measured  reflection  spectra  of  various  energetic  materials  compared  to  a  human  hand  flower  left). 


These  spectra  each  show  the  average  and  standard  deviation  of  8  data  sets  using  50  harmonics  of  a  7.75  GHz  fundamental 
with  the  sample  occasionally  repositioned  to  simulate  a  security  screening  application.  The  presence  of  standing  waves  in  the 
highly  reflective  arrangement  resulted  in  sample-to-background  ratios  exceeding  unity  at  some  frequencies. 

We  have  measured  reflection  spectra  from  several  potential  threats,  such  as  HMX,  RDX,  C-4,  TNT,  napthalene  (with  a 
similar  chemical  structure  to  some  explosives),  ammonium  nitrate  solids  and  slurries,  and  gasoline,  as  well  as  common 
objects  like  keys,  metals,  wallets,  credit  cards,  and  notebooks.  All  show  unique  and  repeatable  signatures. 

The  new  information  gained  from  these  results  can  enable  progress  toward  developing  multi-pixel  arrays  of  these  sources  and 
detectors  for  a  new  screening  technology.  Our  current  focus  is  on  building  inexpensive  “single  pixel”  screening  technology 
by  pursuing  advances  in  microfabrication  of  these  devices,  integrating  more  functions  on  a  chip,  and  reducing  the  cost  of 
these  systems. 


4.  COHERENT  SIGNAL  GENERATION  WITH  SCANNED  DELAY  LINES 

In  this  final  section,  we  briefly  review  a  new  frequency  translator  based  on  a  nonlinear  transmission  line  (NLTL)  phase 
shifter.  Rather  than  forming  shock  waves  on  the  NLTL  with  large  signal  excitation,  we  use  its  voltage-variable  delay  together 
with  both  amplitude  and  phase  linearization  to  modulate  the  phase  of  a  small  0.5-3.0  GHz  microwave  signal,  performance 
that  can  be  scaled  with  integration  of  the  circuit.  The  resultant  single  sideband  modulator  exhibits  >  45  dBc  carrier  and 
spurious  suppression.  This  new  approach  has  significant  applications  in  both  instrumentation  and  sensing,  particularly 
because  it  offers  a  clear  path  toward  complete  integration  of  a  coherent  measurement  system. 

This  is  a  new  solution  that  can  enable  complete  integration  of  wideband  network  analyzers,  directly  addressing  the  need  for 
instruments  to  characterize  100  GHz  devices,  circuits,  and  systems,  as  well  as  the  growing  opportunities  for  sensors  in  this 
regime.  Combining  a  NLTL  phase  shifter  with  serrodyne  (sawtooth)  modulation  results  in  a  frequency  translator  that  can  use 
an  inexpensive-ultimately  integrated-microwave  source  to  coherently  convert  a  wideband  microwave  signal  directly  to 
baseband.  This  invention,  coupled  with  improved  directional  sampling  circuits^S,  could  enable  high-performance, 
inexpensive,  and  field-capable  100  GHz  vector  network  analysis,  as  well  as  several  other  new  military  and  commercial 
applications  which  benefit  from  a  monolithic  coherent  generation/  detection  system. 
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Fig.  6.  Block  diagram  of  frequency  translator  application.  Phase  shifter  is  serrodyne  modulated  atfm  and  output  of 
mixer  (right)  is  a  sinusoid  at  frequency/,,. 

As  shown  in  Fig.  6,  a  coherent  electronic  measurement  system  need  not  rely  on  phase-locked  sources,  but  instead  could  use  a 
modulated  delay  line  to  impart  a  (single  sideband)  frequency  shift  onto  one  arm  of  an  interferometer.  By  serrodyne- 
modulating  the  delay  line,  additional  sidebands  are  generated  due  to  the  flyback  transient;  these  can  be  minimized  by 
sufficiently  short  flyback  times  or  triangle-wave  modulation  with  appropriate  Fourier  transform  reversals  at  baseband. 

We  built  a  demonstration  phase  shifter  on  a  brass  block  with  30  abrupt  junction  diodes  (Cjo  =  2  pF)  with  4.6  mm  interval 
spacing  for  the  first  section  and  20  abrupt  junction  diodes  (C  jo= 0.8  pF)  with  0.6  mm  spacing  for  the  second.  This  circuit  was 
able  to  achieve  >  2  ns  delay,  yet  was  usable  beyond  3  GHz.  For  comparison,  single  GaAs  IC  NLTLs  can  achieve  -  160  ps 
delays^  *  with  higher  usable  frequencies;  they  can  also  be  cascaded  for  additional  delay. 
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We  implemented  a  phase  linearization  and  amplitude  compensation  scheme  using  a  gain-controlled  amplifier  (HP  IVA 
14208)  for  amplitude  and  a  12-bit  D/A  for  phase.  We  measured  the  beat  note  between  the  original  microwave  signal  and  its 
frequency  shifted  version  using  both  serrodyne  and  triangle  wave  modulation.  Both  methods  gave  nearly  pure  sinusoidal 
results,  but  the  serrodyne  version  exhibited  a  flyback  transient,  while  we  could  reconstruct  the  output  sinusoid  without  this 
transient  by  using  triangle- wave  modulation  by  time-reversing  each  second  cycle  of  the  output. 

In  spite  of  the  cleaner  time-domain  appearance  of  the  triangle-wave  modulated  output,  when  driven  at  0  dBm  the  serrodyne 
version  exhibited  >  45  dB  of  carrier  and  harmonic  suppression  compared  to  ~  35  dB  for  the  triangle  wave.  Fig.  7  shows  the 
downconverted  spectrum.  In  the  future,  we  can  address  the  shortfall  of  the  triangle  wave  modulation  with  more  careful 
waveform  reconstruction. 


Fig.  7.  Downconverted  spectrum  of  single-sideband  modulator  shown  in  Fig.  6.  Harmonics  and  spurious  due  to  the 
line  frequency  and  the  sawtooth  retrace  transient  are  evident 

We  have  shown  that  modulated  NLTL  firequency  translators  are  ultimately  candidates  for  integration  with  NLTL  pulse 
generators  and  diode  sampling  bridges,  enabling  for  the  first  time  the  foundation  of  a  complete  monolithic  electronic  THz 
system.  We  extended  this  approach  to  building  a  1-3  GHz  reflectometer  with  performance  comparable  to  a  commercial 
network  analyzer^^’*^. 


5.  CONCLUSIONS 

We  have  described  and  demonstrated  a  new  technique  for  gas  absorption  spectroscopy  using  a  new  all-electronic  THz 
interferometer  having  no  moving  parts  but  rather  one  whose  phase  is  controlled  electronically  via  a  frequency  offset  between 
its  two  identical  sources.  We  have  also  shown  a  more  conventional  coherent  source/detector  arrangement,  but  used  for 
reflection  spectroscopy  of  energetic  materials.  Finally,  we  presented  a  new  means  for  eliminating  these  precision  sources  for 
a  very  compact  and  low  cost  approach.  While  this  technique  lays  a  promising  foundation  for  inexpensive  coherent  microwave 
instmmentation,  it  can  be  further  extended  to  other  micro-  and  millimeter-wave  sensors,  such  as  handheld  reflectometers 
operating  in  the  THz  regime  for  applications  such  as  demining  as  well  as  sensing  gasses,  nonmetallic  weapons  and 
explosives. 
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ABSTRACT 

Effect  of  amplification  of  far-infrared  radiation  on  light  hole  cyclotron  resonance  in  Ge  and  InSb  under  the  optical 
pumping  by  CO2  laser  radiation  has  been  calculated  using  the  quantum  mechanical  model  of  valence  band  states  in  strong 
magnetic  field.  The  model  is  based  on  6x6  Luttinger  Hamiltonian  for  valence  band  including  split-off  hole  subband.  We 
have  found  strong  resonant  dependence  of  pumping  efficiency  on  magnetic  field  that  is  explained  by  quantum  resonance  of 
intersubband  absorption  of  CO2  laser  radiation.  It  was  shown  that  at  the  optimal  magnetic  fields  the  cross-section  of  the 
gain  can  reach  210''‘'  cm^  for  pumping  power  density  2-5-4  MW  /  cm^. 

Keywords:  cyclotron  resonance,  optical  phonon,  Luttinger  Hamiltonian,  CO2  laser  pumping,  degenerated  valence  band. 

1.  INTRODUCTION 

Semiconductor  sources  of  submillimeter  and  far  infrared  (FIR)  wavelength  radiation  based  on  cyclotron  resonance 
(CR)  transitions  in  Ge  and  InSb  were  discussed  for  the  first  time  by  B.Lax  [1]  and  P.A.Wolf  [2].  Further  theoretical  and 
experimental  investigations  have  led  to  the  invention  of  several  mechanisms  of  stimulated  emission  on  intraband  optical 
transitions  of  hot  holes  in  germanium  (Ge),  when  carriers  are  ballisticaly  heated  by  electric  field  and  scattered  on 
spontaneously  emitted  optical  phonons.  The  building  up  of  the  inversion  population  in  the  valence  band  of  Ge  has  been 
found  on  the  light  hole  Landau  states  transitions  in  crossed  (  •  _L*  )  [3]  and  on  heavy  hole  Landau  state  transitions  in 
longitudinal  (••••)  [4]  electrical  and  magnetic  fields. 

The  common  disadvantage  of  these  mechanisms  is  small  gain  (a  <  0.1  cm'‘)  and  low  efficiency  (10'^  -h  lO"^). 
Because  of  the  fast  overheating  of  the  active  sample  during  the  pumping  and  cryogenic  operating  temperatures  T  <  20K 
required  for  the  gain,  such  lasers  operate  in  a  pulse  mode  only,  that  limits  their  applications. 

These  disadvantage  can  be  eliminated  partially  using  the  laser  on  the  light  hole  cyclotron  resonance  with 
intersubband  optical  CO2  laser  (A,  =  9  -s- 1 1  microns)  excitation  discussed  here.  The  mechanism  of  inversion  population  has 
been  discussed  and  analyzed  in  quasi-classical  approach  [5].  According  to  these  classical  estimations  the  gain  appears  at 
magnetic  fields  R  >  9  T  and  rather  high  temperatures  T  =  80  K.  The  small  signal  gain  can  reach  value  a  =  10  cm  *.  The 
broadening  of  Landau  levels  caused  by  spontaneous  emission  of  optical  phonons  (T  =  10’'^  c)  suppresses  the  effect  of 
amplification  in  smaller  magnetic  fields. 

In  this  paper  we  investigated  this  effect  in  the  frame  quantum  mechanical  model  of  hole  states,  which  is  more 
adequate  in  magnetic  fields  R  >  5  T,  since  co‘c  ^  kb  Te  ((o'c  -  cyclotron  frequency  of  light  hole,  -  effective  temperature  of 
charge  carriers) 


2.  MODEL  OF  CALCULATIONS 

The  spectrum  of  Landau  states  of  holes  in  degenerated  valence  band  of  Ge  was  calculated  in  Luttinger  Hamiltonian 
approach  (see  (1))  including  terms  of  spin-splitted  hole  subband  (with  parameters:  yi  =  13.38;  72=4.24;  y3=5.69;  k=3.41; 
q=0.06;  A=  0.29eV  [6-7]  for  Ge).  The  magnetic  field  was  oriented  along  the  crystal  axis  z  ||  [11 1]. 
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The  following  notations  are  used:  n  =  <5 '^<5 ,  C  -  kg^hc/eB  ,  X  =  A/^co® . 

Corresponding  vectors  of  envelope  wave-functions  Fj,  is  : 

{-^3/2, 3/2;  ^3/2, 1/2;  ^3/2, -1/2;  ^3/2, -3/2;  Fy2,ia>  F 1/2, -1/2}- 

These  six  components  Fj ,  j=1..6  correspond  to  quantum  numbers  (J,  Mj)  =  (  3/2, 3/2;  3/2, 1/2;  3/2,-l/2;  3/2,-3/2;  1/2, 1/2; 
l/2,-l/2)  respectively. 

The  expansion  of  Fj  into  a  series  of  harmonic  oscillator  eigenfunctions  •. 

"mix 

Fj  =  1cjJ„  (2) 

n=0 

allows  to  reduce  a  problem  to  quasi-infinite  system  of  the  algebraic  equations: 

£X(A>.y.« =0  ,  i  =1,2,..,6  ;  /n  =  0,l,..,/2^^  .,  =  ]f„H,jf„dxdy  (3) 

w=oy=i  -w 

The  limited  number  of  term  («max),  required  for  convergence  of  the  procedure  depends  on  the  energy  of  the  highest 
Landau  level  to  be  calculated,  that  in  our  calculation  was  ftmm=600. 

Equations  (3)  are  solved  by  a  diagonalization  of  the  matrix  Di  ,„  j  „  using  the  method  Jacobi,  which  give  spectrum  of 
eigen  energies  e'‘  and  corresponding  eigen  vectors  Cj-J^. 

To  estimate  a  lifetime  of  hole  on  certain  state  e’‘  we  used  quasi-classical  approach.  The  lifetime  of  the  hole  at  the 
lattice  temperature  Ti  =  77  K  -120  K  is  determined  by  spontaneous  emission  of  optical  phonons  by  holes  with  energy  e  > 
(Oo  (where  coq  =  37  meV  is  an  optical  phonon  energy  in  Ge)  and  absorption  and  emission  of  acoustic  phonons. 

1  ..  /-X  ^^E?mh^^kbT,  r  1  ..  r-TTr. - T 


1  V2Eimi,  k^T]  i-  I  /  \  o  n*. - 1 

—  =Va(e)  = - ‘4  2  — =v„p,(e)=:2voVe/»o>o-l. 

pU|  ^opt 

El  =  4.6  eV  is  the  deformation  potential  constant,  p=  5.32  g/cm^  is  the  density  of  the  material,  m/=  5.4- 10^  cm/c  is  the 
velocity  of  longitudinal  sound,  mi,  =  0.35mo  is  the  effective  mass  of  a  heavy  hole,  Vo  =  0.92- lO'^  c"'  is  the  characteristic 
frequency  of  holes  scattering  by  optical  phonons  [8]  in  Ge. 

To  calculate  the  absorption  spectrum  on  optical  transitions  we  used  the  perturbation: 

0  =  —  8p  =  ^6p ,  8p  =  -  A  =  {exp(i(a)t  -  Kr)) + exp(-i((iot  -  Kr))} . 
dp  c  2co 

Matrix  element  of  intraband  transition  between  stationary  states  s  and  t  under  the  monochromatic  radiation  with  frequency 
CO  in  the  dipole  approach  is  given  by: 
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Fig.  1:  The  mechanism  of  population  inversion. 

n'  and  n''  are  populations  of  light  and  heavy  holes 
states. 


The  hole  excitation  is  as  follows  (fig.l):  heavy  holes 
with  energy  e  =  m|/mh  O  (  Q  is  the  energy  of  pumping 
quantum)  are  excited  to  states  of  the  light  holes  subband.. 
The  spectral  width  of  the  initial  states  is  defined  by 
homogeneous  broadening  of  Landau  levels  and  the 
anisotropy. 

At  considered  doping  level  of  acceptors  10‘^  -s-  10*^ 
cm'^  and  lattice  temperature  77  K  hole  -  hole  scattering 
reduce  holes  termalization  times  [9].  Therefore  we  can 
expect  the  Maxwell-Boltsman  distribution  for  holes  at  e  < 
cob.  The  energy  relaxation  of  hot  holes  is  determined  by 
optical  phonon  emission.  It  makes  the  indispensable 
inverse  population  of  light  holes  states  at  e*  >  too. 

The  probability  of  optical  transitions  from  the  state  t 
to  the  state  s  is  defined  by  formula: 


9^  2 

g(e,  -  £3  -  tiGi) . 
n 


TJ  1 

Here  g  =  —  •; - 7^^. - ^ 

2n{E^-E,-n(of +{Ae^/2f 

a  homogeneous  broadening  of  CR-line. 


AEl  =  —  ,  —  =  —  +  —  -  the  form-factor,  which  takes  into  account 

tct  Xct  'tc 


The  substitution  of  (4)  into  (6)  and  taking  into  account  the  relation  between  the  electric  field  and  intensity:  J  = 


%ocEo 


gives: 

2  2  2 

P(®.  J)t^s  =  •  J  ■  |(t  m  s)|  ^  g(to3,  -  ha) . 

to  oTt 

Here  Xq  -  the  index  of  refraction  (in  Ge  Xo  ^4),  (0^,= 

Then  distribution  function  of  excited  carriers  can  be  found  from  the  kinetic  equation: 
^  =  Xn,P(Q,  Jp),^s  +In3P(Q,Jp)3^, 

t  t  '^S 


(7) 


(8) 


Here  n*  and  Ut  are  populations  of  initial  and  final  states,  P(£X,Jp)t^s  is  the  probability  of  transition  from  the  state  t  to  the 
state  s  under  the  pumping,  Tj  is  the  relaxation  time  of  holes  at  the  level  Ej. 

The  solution  of  equation  (8)  is  n^  =n® +n5 ,  where  n*  «n5  ■(E  =  m,/mh  Q),  n®  =  Ny  exp{-E3(k2)/kbT}.  The  Us'  is: 
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(9) 


Xn?P(0,Jp),^, 

jji  __j _ 

t 

The  population  of  the  y-th  state  nj  is  subjected  to  the  normalization  condition: 

|nj(k,)dk,=l. 
j='  -K 

The  constant  Nv  is  found  by  this  requirement.  The  number  of  quantum  absorbed  by  one  hole  is: 

t>S  1  t>S 

Q=  XPt-^s(nt-ns)  =  :^  J  dk^X^t^sCnt  “"s)  • 

k„s.t  S.t 

The  cross-section  is: 

2 

^_o2  1  t>s  --  2 

<y(co)  =  :^  = - X  I  ‘•*^B-^|(tNs)|  (ns(k^)-n,(kJ)  g(Ae„ -to)  (10) 

J/to  c  Xo  Tfi  ® 

»  K-b 

3.  RESULTS  OF  CALCULATIONS 

The  calculated  energy  spectrum  of  Landau 
levels  in  the  valence  band  of  Ge  is  shown  in  fig.2. 
It  is  possible  to  distinguish  two  groups  of  energy 
levels  relevant  to  light  and  heavy  holes,  which  is 
indicated  in  particular  by  the  character  of 
oscillating  wave  functions.  The  Landau  levels  of 
light  holes  are  spaced  less  towards  high  energies, 
which  is  caused  by  interaction  with  the  split-off- 
subband.  Under  certain  conditions  this  non¬ 
equidistance  of  Landau  levels  allows  to  separate 
the  absorption  and  emission  spectra  on  light  hole 
CR  transitions  and  to  obtain  the  effect  of  the  CR 
amplification  on  inverted  light  holes  with  energy 
E*  (fig.l).  The  Landau  states  of  light  and  heavy 
holes  are  strongly  intermixed  at  energies  e  <  eot', 
which  can  be  seen  in  fig.2.  This  mixing  violates 
the  selection  rules  for  optical  transition  An=±l  and 
gives  rise  to  hybrid  resonances  near  the  classic  CR 
of  l-holes  in  the  absorption  spectrum  (fig.  3a). 
(Note  that  the  cross-section  estimation  error  due  to 
discreteness  of  integration  over  kz  causes  narrow 
spikes  between  the  heavy/light  holes  resonances, 
which  are  not  of  physical  nature  and  which 
disappear  with  a  decreasing  integration  step. 
However,  the  integration  step  quantity,  chosen  by 
us,  is  enough  for  a  good  averaging  in  the  range  of 
light  holes  absorption,  which  is  interesting  for  us, 
because  the  absorption  lines  here  are  by  an  order 
wider,  than  in  the  range  of  heavy  holes  absorption 
and  they  are  overlapped.)  Also,  the  hybridization  of  small  energy  states  gives  an  increase  in  the  absorption  on  h-I 
transitions  at  frequencies  close  to  harmonics  of  the  1-  holes  CR.  Therefore,  pumping  efficiency  and  effect  of  light  hole  CR 
amplification  strongly  depends  on  the  magnetic  field  and  on  the  pumping  frequency. 
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Fig.2:  Landau  levels  in  valence  band  of  Ge  vs.  the  square  of  the 
normalized  longitudinal  wave-vector.  S  =  15  T,  R  ||  [111]. 
Numbers  of  the  light  holes  Landau  levels  and  the  total  spin 
direction  are  designated. 


289 


s 

L> 


The  analysis  of  matrix  elements  has  shown,  that  the  maxima  of 
absorption  correspond  to  transitions  from  the  Landau  levels  of 
heavy  holes  positioned  below  the  zero  Landau  level  of  light  holes. 

The  first  such  maximum  in  the  absorption  spectrum  is  close  to 
the  second  CR  harmonic  of  light  holes.  We  shall  denote  it  as  «1», 
and  so  on.  The  ladder  of  Landau  levels  of  1-holes  with  an 
effective  spin  t  remains  practically  uninvolved,  since  the  h-1 
transitions  to  it  go,  the  main,  from  the  states  not  occupied  by 
carriers  at  the  temperature  of  80  K. 

Fig.3b  shows  the  small  signal  absorption  cross-section 
calculated  at  the  excitation  of  the  hole  system  by  pumping  to 
level  «3'l»  (at  frequency  of  the  h-1  resonance  «2»,  close  to  a  CR 
triple-frequency  harmonic  of  light  holes).  It  is  seen  from  the 
figure  that  a  little  bit  to  the  right  from  the  resonance  absorption 
by  the  termalized  light  holes  there  is  a  resonance  of  absorption  by 
excited  holes  (energy  range  20  +  26  meV),  and  in  the  interval 
26  -5-  32  meV  there  is  a  negative  peak  related  to  amplification  on 
CR  of  light  holes.  At  the  excitation  of  holes  to  the  next  Landau 
level  of  a  light  subband,  the  effect  of  amplification  will  take  place 
at  a  lower  frequency,  which  reflects  the  non-parabolicity  of  the 
light  hole  subband.  It  is  important,  that  the  density  of  states 
behaves  as  »:  l/k^  ,  and  the  population  of  the  low  Landau  states 
is  follow  down  with  kj.  Therefore  the  main  body  of  the  integral 
in  formula  (10)  is  obtained  at  small  k^,  and  the  non-uniform 
broadening  of  the  line  of  CR  amplification,  caused  by  emission 
transitions  between  different  excited  Landau  levels,  is  inessential. 

From  matching  fig.  3a  and  fig.  3b  one  can  see  noticeably 
decrease  of  the  resonant  photoabsorption  at  the  pumping 
frequency.  It  is  the  effect  of  saturation  of  optical  transition  and  it 
restricts  the  usable  pumping  power.  The  calculations  have  shown, 
that  the  intensity  Jp  =  4  MW  /  cm^  is  close  to  saturating,  and  the 
further  increasing  of  pumping  intensity  do  not  give  an  increase  of  small  signal  gain. 


Fig.3: 


Photon  energy,  eV 

Absorption  cross-section  for  the  circular 
polarized  FIR  radiation  in  the  Faraday 
configuration  by  a)  termalized  and  b) 
photoexcited  holes.  (Jp=4  MW/cm^)  in  Ge 
5=  15T,Te=77K. 

The  dotted  arrow  in  fig  a)  indicates  a  point 
of  quasi-classical  light  hole  CR,  the  short 
arrows  indicates  positions  of  maxima  of 
absorption  on  the  h-1  resonances.  The  arrow 
in  fig.  b)  indicates  the  energy  of  pumping 
aiiantiim. 


h£2  ,  eV  ® 

pump’  ^ 

Fig.4:  Pumping  efficiency  and  appropriate  amplification  cross-section  vs.  pumping  frequency. 
Polarization  is  circular.  a)5=15Tb)R=18T. 
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In  spite  of  the  fact  that  the  maximum  number  of  excited  holes  is  reached  at  the  pumping  of  the  1-st  h-1  resonance, 
the  effect  of  amplification  is  approximately  identical  at  pumping  in  both  the  1-st  and  the  2-nd  resonances  (see  fig.4).  It 
happens  because  the  matrix  elements  of  cyclotron  resonance  transitions  are  proportional  to  the  Landau  level  number.  For 
Landau  levels  with  the  small  numbers  (for  example,  2  and  3-rd)  the  ratio  of  probabilities  of  CR  transition  can  be  quite 
high.  With  increasing  magnetic  field  the  maximum  of  amplification  cross-section  diminishes.  It  is  related,  apparently,  to 
the  nonparabolicity  of  the  valence  band,  as  cyclotron  mass  enters  the  denominator  of  formula  (10).  The  rise  in  temperature 
of  the  carriers  from  77  K  up  to  120  K  in  a  field  B  =  18  T  causes  a  decrease  in  the  magnitude  of  optimum  amplification, 

which  does  not  correlate  with  quasi-classical 
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estimates  that  predict  for  Ge  an  increase  in  the 
amplification  in  this  temperature  range.  Another 
relevant  feature  of  quantization,  contradicting  the 
quasi-classical  approach,  is  the  existence  of  pump 
frequency  regions  in  which  amplification  is  absent. 

The  dependence  of  amplification  cross-section 
on  the  magnetic  field  at  the  fixed  pumping  fi’equency 
is  given  in  fig.5.  The  amplification  begins  in 
magnetic  fields  more  than  10  T  (which  corresponds 
to  quasi-classical  estimations).  In  the  interval  of 
fields  B  =10.5  +  27  T  the  magnitude  of  the 
amplification  cross-section  has  resonant  character 
and  reaches  a  maximum.  Amplification  vanishes  with 
a  further  increase  of  a  magnetic  field.  The  results  of 
quantum  calculations  have  confirmed  a  possibility  of 


Fig.5:  Light  hole  CR  amplification  cross-section  in  Ge  vs.  the 
magnetic  field  at  CO2  laser  pumping  (  Qco2=  1 1? 
meV).  r=77K. 


amplification  on  light  holes  CR  in  conditions  of 
optical  pumping.  The  maximal  cross-section  of 
amplification  is  in  2  4  times  large  than  that 

predicted  by  the  classical  estimates. 


4.  ESTIMATES  FOR  InSb 


InSb.  is  a  direct  band  material  with  a  narrow  gap. 
Parameters  of  InSb  are:  m<;  =  O.OlSmo,  mi  =  O.OlSmo,  mi,  = 


0,00  0,03  0,06  0,09  0,12  0,15 

photon  energy,  eV 


Fig.6:  Absorption  cross-section  vs.  the  photon 

energy  at  different  pumping  frequencies  in  InSb. 
Here  B  =  5  T,  Jp  =  2  MWW,  7=  77  K. 

The  arrows  indicate  positions  of  pumping. 


It  has  smaller  than  Ge  anisotropy  of  the  energy  spectrum. 
l).35mo,  A  =  0.9  eV,  Eg  =  0.23  eV.  The  mass  of  light  hole  in 
InSb  is  3  times  less  than  in  Ge,  and  the  non-equidistance 
here  is  as  strong  as  in  Ge  because  of  the  conduction  band. 
The  order  of  the  scattering  rate  is  the  same. 

Therefore,  smaller  magnetic  field  is  enough  for  a 
frequency  separation  of  the  absorption  and  the 
amplification  lines.  In  fig.6  the  result  of  calculation  of 
amplification  in  B  =  5  T  is  shown  (such  magnetic  field 
corresponds  to  the  amplification  frequency  near  the  upper 
edge  of  strong  lattice  absorption).  The  magnetic  field  B  < 
1.5  T.  corresponds  to  the  lower  edge;  however,  CR  - 
amplification  is  impossible  in  such  small  fields  at  such 
conditions  as  in  fig.6.  At  B  =  5  T  the  effect  of 
amplification  can  be  expected  at  wavelengths  X,  =  40  pm. 
The  lattice  absorption  is  about  3  cm"'  at  this  wavelength. 
From  fig.6  it  is  seen,  that  the  hybrid  resonances  in  the 
absorption  spectrum  of  InSb  are  less  pronounced.  The 
mixing  of  light  and  heavy  hole  states  can  be  less  essential 
because  of  a  greater  difference  of  their  masses,  than  in  Ge. 
But  intersubband  optical  transitions  (h-1  resonances)  are 


still  strongly  expressed.  They  are  inhomogeneously  broadened,  which  is  indicated  in  particular  by  the  character  of 


saturation  of  them  at  various  pumping  frequencies. 


5.  CONCLUSION 

The  quantum  mechanical  calculations  of  far-infrared  absorption  spectrum  of  p-Ge  in  strong  magnetic  filed  under 
CO2  laser  optical  excitation,  performed  here  confirm  and  specify  the  idea  of  the  amplification  on  light  hole  cyclotron 
resonance  originally  based  on  quasi-classical  considerations. 

It  has  been  found  that  in  magnetic  fields  B  =  9  -i-  20  T,  required  for  amplification  effect,  intersubband  absorption 
on  the  frequency  of  pumping  CO2  laser  has  resonant  dependence  on  magnetic  field,  that  remarkably  influence  on  the 
efficiency  of  the  gain  mechanism.  The  observed  resonance  maxima  in  the  absorption  spectrum  near  the  pumping 
frequencies  is  a  result  of  quantization  of  density  of  states  on  direct  optical  heavy-to-light  hole  transitions.  Thus,  a  sufficient 
inversion  population  of  excited  light  holes  can  be  reach  at  a  moderate  power  of  CO2  laser  pumping  radiation  only  at  the 
certain  resonance  frequencies  of  the  pumping  laser,  or  in  the  case  of  fixed  pumping  frequency,  as  for  CO2  laser  at  the 
resonance  values  of  magnetic  field. 

In  spite  of  the  gain  mechanism  requires  high  threshold  pumping  power  density  (few  MW/cm^),  liquid  nitrogen 
working  temperatures  and  relatively  high  level  of  small  signal  gain  (10  4-  100  cm"')  make  optically  pumped  p-Ge  and  p- 
InSb  perspective  active  media  for  pulsed  Terahertz  frequencies  tunable  sources.  The  comparatively  small  light  hole 
effective  mass  of  InSb  determines  the  preferential  use  of  this  semiconductor  for  the  generation  of  radiation  with  frequency 
/>  6  THz  (the  upper  frequency  limit  is  determined  by  the  reasonable  values  of  magnetic  fields  used).  Due  to  the  greater 
light  hole  mass  the  p-Ge  has  advantage  for  the  frequencies  3  </<  10  THz. 

Another  perspective  active  media  for  light  hole  CR  amplification  under  optical  pumping  can  be  Ge/GeSi 
heterostructure  with  quantum  wells,  there  non-equidistance  of  light  hole  Landau  levels  should  be  higher. 
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ABSTRACT 

We  report  a  low  cost  and  material  independent  fabrication  technique  to  produce  sub-millimeter  three-dimensional  photonic 
crystals.  The  crystal  is  made  by  stacking  mechanically  machined  dielectric  substrates.  Interstitial  defects  can  be  introduced 
in  the  structures.  This  technique  is  illustrated  by  experimental  studies  with  highly  resistive  silicon  based  crystals  with  and 
without  defects.  A  terahertz  time-domain  spectroscopy  set-up  is  used  for  broad  band  transmission  characterization  of  the 
crystals.  Systematic  measurements  of  the  transmission  characteristics  for  different  crystal  thicknesses  (number  of  lattice 
periods)  and  incident  angles  were  performed.  A  wide  complete  photonic  band  gap  centered  at  265  GHz  with  a  19%  band- 
gap  to  mid-gap  frequency  ratio,  and  excellent  filtering  properties  (2.2  dB/GHz  slope  at  240  GHz)  are  observed  with  only  six 
crystal  periods.  The  influence  of  the  defects  was  experimentally  studied  and  an  external  control  of  their  mode's  transmission 
coefficients  is  demonstrated.  The  transmission  coefficient  of  the  defect  modes  is  controlled  by  illuminating  the  interstitial 
silicon  defects  with  a  330  mW  laser  beam.  Numerical  simulations  reproduce  this  behavior  by  modeling  the  illumination  as 
an  increase  of  the  defect  absorption. 


Keywords;  Photonic  crystal,  defect,  control. 


INTRODUCTION 

The  interest  brought  to  photonic  crystals  has  not  ceased  to  increase  since  the  first  demonstration  of  a  photonic  band  gap 
about  ten  years  ago.*  Many  application  possibilities^^  (wave  guides,  filters,  antenna  substrates...)  are  foreseen  for  these 
periodically  arranged  dielectric  or  metallic  structures.  Moreover,  the  insertion  of  defects  in  a  photonic  crystal  leads  to  a 
strong  localization  of  the  electromagnetic  field  for  certain  frequencies  within  the  photonic  bandgap  (PBG).^  At  these 
frequencies,  the  defects  behave  as  high-quality  resonators  with  sharp  transmission  peaks.  This  suggests  that  photonic 
crystals  with  defects  could  then  be  used  as  narrow-band  transmission  filters  with  the  advantage  of  being  effective  in  all  the 
directions  of  wave  propagation.  Meanwhile,  efficient  external  coupling  to  these  defect  modes  as  well  as  the  interaction 
between  several  defects  demands  further  exploration.  A  further  step  towards  active  filters  and,  more  generally,  adaptable 
photonic  crystals  would  require  to  command  either  the  frequency  position  or  the  transmission  level  of  the  defect  modes.  To 
vary  the  frequency  positions  of  transmission  resonance  deformable  metallic-wire  PBG  structures  have  been  proposed  at 
microwave  frequencies.®  The  transmission  level  of  defect  modes  can  be  modulated  by  for  example  changing  the  absorption 
of  the  material  creating  the  deect.^ 

The  first  photonic  crystal  was  demonstrated  in  1991  with  a  face-centered-cubic  (FCC)  crystal  symmetry  obtained  by  drilling 
holes  in  a  bulk  dielectric  material.  A  layer-by-layer  photonic  crystal  (later  referred  to  as  the  wood-pile  structure)  was 
introduced  in  1993  as  an  alternative  structure  much  easier  to  fabricate  and  thus  preferred  for  smaller  dimensions.  The 
wood-pile  structure  obtained  by  stacking  layers  of  rods*  has  the  same  FCC  crystal  symmetry  but  with  a  different  orientation. 
Figure  1  illustrates  the  wood-pile  structure.  Four  layers  of  rods  are  stacked  to  build  one  period  of  crystal.  Each  layer  consists 
of  equally  spaced  parallel  rods.  The  rods  of  two  consecutive  layers  are  perpendicular  The  first  experimental  results 
validating  theoretical  predictions  for  microwave  frequencies  (12-15  GHz)  were  obtained  in  1994  with  a  crystal  of  alumina 
rods.’  To  reduce  the  size  of  the  structures  the  authors  used  anisotropic  etching  techniques  for  silicon.  The  first  technique* 
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consisted  of  etching  grooves  through  silicon  wafers  to  obtain  parallel  rods.  Stacking  the  wafers  gave  the  desired  structure. 
With  the  second  technique®  parallel  grooves  were  etched,  at  least  half  a  wafer  deep,  on  both  sides  of  the  wafers.  This 
technique  gave  a  half  period  of  crystal  with  just  one  wafer  thus  gaining  a  factor  of  2  on  the  size.  A  photonic  band  gap  was 
obtained  around  350  GHz.  However,  the  <11 1>  silicon  planes  used  for  the  anisotropic  etching  imposed  a  70.5°  angle  in- 
between  the  front  and  back  side  grooves,  thus  giving  a  distorted  wood-pile  structure.  The  wood-pile  structure  was  recently 
used  by  Fleming  et  al.  to  obtain  the  first  three  dimensional  photonic  crystal  with  a  PEG  around  1 .55  pm  wavelength. 


Figure  1:  Schematic  layer-by-layer  photonic  crystal 
(wood-pile  structure) 


In  this  paper  we  report  a  combined  experimental  and  numerical  study  of  sub-millimeter  wood-pile  photonic  crystals 
obtained  by  a  low  cost  and  material  independent  fabrication  technique.  The  crystal  is  made  by  stacking  mechanically 
machined'*  substrates  and  enables  interstitial  defects  to  be  inserted  in  Ae  structures.  A  terahertz  time-domain  spectroscopy 
set-up  is  used  for  broad  band  transmission  characterization  of  the  crystals.  This  technique  is  demonstrated  with  highly 
resistive  silicon  based  crystals  with  and  without  defects.  In  the  first  section,  the  fabrication  and  characterization  methods 
will  be  described.  In  the  second  section  systematic  measurements  of  the  transmission  characteristics  for  different  crystal 
thicknesses  (number  of  lattice  periods)  and  incident  angles  will  be  presented.  In  the  third  section  the  influence  of  the  defects 
is  studied.  In  the  fourth  section  an  external  control  of  the  defects  transmission  coefficients  is  demonstrated. 


1.  CRYSTAL  FABRICATION  AND  CHARACTERIZATION 
The  structures  are  mechanically  machined  with  a  dicing  saw  used  for  cutting  electronic  chips  from  wafers.  A  series  of 
grooves  half  a  wafer  deep  are  cut  across  the  silicon  wafer  leaving  parallel  square  section  rods  on  the  surface.  The  wafer  is 


Figure  2:  Fabrication  process 
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turned  over  and  rotated  by  90°.  The  same  grooves  are  cut  on  the  back  side  of  the  wafer.  The  square  grid  obtained  where  the 
grooves  from  both  sides  of  the  wafer  overlap  gives  a  half  period  of  the  wood-pile  structure.  It  is  a  self  supported  structure 
with  the  same  mechanical  properties  as  those  given  by  double  etching  technique,’  without  the  problem  of  imposed  angles. 
For  extra  strength  and  assembling  purposes  the  grid  is  surrounded  by  a  square  of  bulk  material.  Two  grid/square 
configurations  are  used  to  construct  one  crystal  period.  In  one  case  the  grid  is  centered  in  the  square,  in  the  second  case  the 
grid  is  shifted  half  a  period  from  the  center  of  the  square.  Stacking  alternately  the  two  different  grids  and  aligning  them  with 
the  edge  of  the  bulk  material  gives  the  wood-pile  structure.  This  process  is  illustrated  in  figure  2. 

We  use  silicon  wafers  270  pm  thick  with  a  resistivity  greater  than  1  kn.cm.  The  grooves  are  360  pm  wide  and  separated  by 
135  pm  resulting  in  rods  of  135  pm^  cross  section.  Each  grid  is  formed  by  25  rods  in  both  directions  surrounded  by  3mm  of 
bulk  silicon.  Up  to  twelve  grids  are  used  giving  6  periods  of  crystal  and  an  overall  dimension  of  20x20x3  mm’.  Figure  3, 
presents  a  photograph  of  a  six  period  structure.  The  Load  Point  dicing  saw  is  entirely  programmable  and  has  a  precision 
better  than  2  pm.  The  Sementic  diamond  coated  dicing  wheel  used  gives  a  near  to  optical  polish  surface  quality  to  the  rods. 
The  grids  are  assembled  and  maintained  together  by  their  sides  with  a  coat  of  acetone  solvent  type  glue. 

We  used  a  terahertz  time-domain  spectroscopy  setup*’  to  measure  the  complex  refractive  index  of  the  photonic  ciystal.  In 
the  setup,  picosecond  electrical  pulses  are  emitted  and  detected  using  two  identical  low-temperature-grown  GaAs 
photoconductive  switches  as  antennas.  The  spectrum  of  the  pulses  extended  from  80  GHz  to  over  1  THz.  A  nearly  parallel 
incident  beam  was  obtained  by  collimating  the  emitted  electromagnetic  (EM)  impulsion  with  a  high-resistivity  silicon 
hemispherical  lens.  An  iris  diaphragm  of  8  mm  diameter  was  placed  in  front  of  the  crystal  to  prevent  the  incident  beam  (10 
mm  diameter)  from  passing  through  the  bulk  material  surrounding  the  crystal.  The  beam  was  linearly  polarized  with  a  ratio 
of  20  dB.  The  transmitted  beam  was  focused  onto  the  detecting  antenna  with  a  lens  identical  to  the  one  used  for  collimating. 
Both  the  emitting  and  the  receiving  switches  were  strobed  with  110  fs  optical  pulses  from  a  self-modelocked  Ti:Saphire 
laser.  The  temporal  sh^e  of  the  received  signal  was  obtained  by  varying  the  relative  delay  between  the  optical  pulses  that 
strobe  the  emitting  and  the  receiving  switches.  The  transmission  spectrum  of  the  sample  was  then  determined  by  dividing 
the  Fourier-transformed  temporal  signals  obtained  with  and  without  fte  sample. 


Figure  3:  Photograph  of  a  realized  wood-pile  photonic  crystal.  Twelve  mechanically  machined 
silicon  substrates  are  stacked  to  obtain  six  crystal  periods.  The  overall  dimension  is  20x20x3 


For  numerical  simulations  we  use  a  commercial  three-dimensional  finite  elements  electromagnetic  wave  propagation 
simulator  (HFSS)  to  calculate  the  transmission  spectra  of  the  structures.  This  enables  complete  calculations  with  and 
without  defects.  Furthermore  material  losses  can  be  modeled,  ensuring  accurate  results. 


2.  COMPLETE  PEG 

In  this  section,  we  demonstrate  the  performances  achieved  wifti  tire  structures  obtained  by  using  the  mechanical  machining 
fabrication  process.  Systematic  measurements  of  the  transmission  characteristics  for  different  crystal  thicknesses  (number  of 
lattice  periods)  and  incident  angles  are  performed  with  a  structure  without  defects.  First  the  results  for  one  and  two  periods 
will  be  presented  followed  by  the  demonstration  of  a  complete  PBG  with  a  crystal  sbc  periods  thick 
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Figure  4  shows  the  experimental  and  numerical  results  obtained  with  one  crystal  period  on  the  left  and  two  crystal  periods 
on  the  right.  The  solid  lines  correspond  to  the  measured  spectrum  and  the  lines  wifti  circles  correspond  to  HFSS  simulations. 
The  spectra  were  measured  at  normal  incidence,  following  the  stacking  direction. 
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Figure  4:  Influence  of  the  number  of  periods  on  the  normal  incidence  transmission  spectra. 

For  one  crystal  period  a  sharp  resonance  peak  is  observed.  Hie  peak  is  centered  at  300  GHz  for  the  measured  spectra  and  at 
310  GHz  for  the  simulation  with  a  SO  dB  attenuation.  A  close  to  0  dB  transmission  is  observed  for  low  frequencies.  These 
excellent  transmission  properties  are  also  obtained  with  two  crystal  periods  along  with  a  broad  stop  band  between  250  GHz 
and  350  GHz  with  an  average  35  dB  attenuation.  TTiese  results  reveal  the  high  precision  and  the  quality  of  the  mechanically 
machined  structures.  The  good  agreement  between  the  simulations  and  the  measurements  for  the  width  and  shape  of  the 
bands  as  well  as  for  the  attenuation  in  the  forbidden  bands  enabled  us  to  verify  that  the  HFSS  method  is  valid  for  these  types 
of  calculations.  The  next  step  is  then  to  demonstrate  a  complete  PBG  for  these  structures. 

Figure  5,  presents  the  transmission  spectra  measured  for  different  incident  angles  with  a  crystal  six  periods  fliick.  From  top 
to  bottom  the  spectra  are  measured  following  the  stacking  direction,  at  45°  and  perpendicular  to  it,  respectively.  The  inserts 
show  a  schematic  wood-pile  structure,  the  arrows  materialize  the  incident  probe  beam.  The  three  transmission  spectra 
contribute  to  the  verification  of  the  existence  of  a  complete  photonic  band  gap  in  all  three  dimensions  for  the  wood-pile 
structure.  In  our  case  the  complete  band  is  centered  at  265  GHz  and  is  50  GHz  wide.  This  gives  a  band-gap  to  mid-gap 
frequency  ratio  of  19%  for  the  complete  photonic  band  gap. 

Higher  order  bands  appear  for  the  spectra  measured  through  the  top  surface.  The  top  and  middle  spectra  in  fig.  5  show  a 
second  order  forbidden  band  gap  from  400  to  420  GHz  and  from  360  to  400  GHz,  respectively,  with  almost  the  same 
attenuation  as  the  first  order  band.  Transmission  minima  at  higher  frequencies  may  indicate  even  higher  order  bands.  In 
contrast,  the  very  low  transmission  at  high  frequencies  is  likely  related  to  diffraction  effects  due  to  the  small  thickness  of  the 
ciystal  in  the  stacking  direction.  For  this  reason  only  the  first  order  band  is  observable.  The  slightly  lower  signal  dwamics, 
35  dB,  for  the  band  in  the  bottom  spectrum  fig.  5  is  explained  by  the  use  of  an  additional  slot  diaphragm  (3x8  mm^)  for  the 
measurements. 

Further  observations  of  these  spectra  show  excellent  filtering  properties  and  confirm  the  good  qualify  of  the  mechanically 
machined  wood-pile.  The  extremely  steep  slopes,  2.2  dB/GHz,  surrounding  the  band  gaps  demonstrate  the  frequency 
selection  possibilities  of  such  structures.  The  high  precision  of  the  crystal's  periodicity  provides  high  transmission  for  the 
frequencies  below  the  first  band  gap  and  a  45  dB  attenuation,  reaching  the  measurement  limits,  in  the  forbidden  gap  and  this 
for  only  6  periods  of  cfystal. 

In  this  section  we  have  demonstrated  the  high  qualify  of  the  crystals  obtained  with  the  mechanical  machining  process.  A 
broad  complete  photonic  band  gap,  centered  at  265  GHz  wift  a  19%  band-gap  to  mid-gap  frequency  ratio,  and  promising 
filtering  properties  were  observed  with  only  six  crystal  periods.  These  results  were  confirmed  by  numerical  simulations.  In 


296 


the  rest  of  the  paper  the  same  fabrication  method  will  be  used  to  elaborate  more  sophisticated  structures  by  inserting  defects. 


100  200  300  400  500  600 
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Figure  5:  Complete  photonic  bandgap 


3.  DEFECTS 

In  this  section  the  influence  of  defects  on  the  transmission  properties  of  the  photonic  crystal  is  studied.  Transmission  spectra 


for  different  incident  angles  are  experimentally  measured  through  the  crystal  surface.  A  crystal  one  and  a  half  periods  thick 
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was  fabricated  using  three  mechanically  machined  grids.  Defects  were  created  by  inserting  silicon  parallelepipeds  in  lattice 
interstitial  sites  as  indicated  in  figure  6.  Each  parallelepiped  had  a  square  base  of  360x360  |im^  and  a  height  of  270  (im. 
Nine  defects  were  created  for  characterization  purposes.  Indeed  their  large  number  and  especially  their  proximity  enabled 
strong  coupling  possibilities  that  improved  the  detection  of  the  defect  modes.  This  would  probably  not  be  a  good  choice  for 
applications  as  defect  coupling  induces  undesirable  effects.  Indeed,  different  coupled  defect  modes  are  excited  in  function  of 
the  incidence  angle  leading  to  frequency  shifting  of  the  associated  resonances. 


Figure  7:  Influence  of  the  incident  angle  on  the  transmission  spectrum  of  a  crystal  with  multiple  defects  (fig.  6). 


The  transmission  spectra  for  incident  angles  varying  from  normal  incidence  (following  the  stacking  direction)  up  to  55° 
from  the  stacking  direction  were  measured  and  are  presented  in  figure  7.  The  inserts  show  a  schematic  wood-pile  structure, 
the  arrows  materialize  the  incident  probe  beam.  The  defects  induce  transmission  modes  inside  the  stop  band  that  are  pointed 
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out  in  the  figure  by  arrows.  Two  different  regimes  can  be  noticed.  First  for  the  normal  incidence  case  and  for  small 
incidence  angles  a  narrow  transmission  peak  is  observed.  This  peak  is  centered  at  254  GHz  with  an  amplitude  of -10  dB  for 
an  incident  angle  of  25°.  In  the  second  case  for  large  incidence  angle  a  broad  transmission  peak  is  observed.  For  an 
incidence  angle  of  55°  the  peak  is  centered  at  238  GHz  and  30  GHz  wide  with  a  maximum  amplitude  of  -7  dB.  For 
intermediate  incident  angles,  around  35°,  both  peaks  can  be  observed.  We  consider  that  these  two  regimes  can  reasonably  be 
attributed  to  different  coupling  modes  in  between  the  defects  in  function  of  the  incidence  angle.  Indeed  for  small  incident 
angles  the  defects  act  as  a  plane  defect  in  the  propagation  direction.  For  large  incident  angles  the  defects  are  spread  out  in 
the  propagation  direction  and  are  strongly  coupled  in  the  transversal  direction.  This  can  explain  the  shift  to  lower 
frequencies  of  the  defect  modes  as  the  incident  angles  increases. 


4.  DEFECT  CONTROL 

In  this  section  a  method  to  control  the  transmission  coefficient  of  defect  modes  is  demonstrated.  A  large  size  defect  w^ 
created  in  a  crystal  two  an  a  half  periods  thick  by  inserting  4  silicon  parallelepipeds  in  lattice  interstitial  sites  as  indicated  in 
figure  8.  Each  parallelepiped  had  a  square  base  of  360x360  pm^  and  a  height  of  270  pm.  The  relatively  large  size  of  the 
defect  along  with  the  small  crystal  thickness  were  chosen  to  improve  the  detection  of  the  defect  mode.  Note  that  the  defect 
volume  was  smaller  than  that  of  a  lattice  cell.  A  further  improvement  was  obtained  by  placing  a  metallic  diaphragm  of 
limited  aperture  ((t»=3mm)  in  front  of  the  crystal  surface  for  transmission  measurements. 


Since  defect  modes  in  photonic  crystals  are  strongly  resonant,  even  a  slight  increase  of  the  absorption  may  lead  to  a  drastic 
change  in  the  mode  transmission  level.  The  absorption  of  silicon  in  the  THz  range  is  mostly  due  to  the  free  carrier 
absorption*^’’^  and  the  concentration  of  free  carriers  in  semi-insulating  silicon  can  easily  be  increased  by  external 
illumination.  A  Ti:Saphire  laser  beam  (X=0.8  pm)  was  focused  onto  the  defect  to  locally  change  the  absorption  coefficient 
of  the  defect  material.  The  angle  of  the  laser  beam  with  respect  to  the  (001)  crystal  direction  (perpendicular  to  the  front 
surface  of  the  crystal)  was  close  to  42.5°.  In  this  condition,  the  beam  passed  through  empty  interstitial  sites  of  the  lattice 
before  reaching  the  defect  (fig.  9). 

Fig.  10  (left)  shows  the  transmission  spectra  measured  in  the  stacking  direction  with  and  without  illuminating  the  defect. 
The  solid  line  shows  the  transmission  spectra  obtained  without  illuminating  the  defect.  The  first  forbidden  band  extends 
from  220  to  320  GHz  with  a  rejection  ratio  of -45  dB.  This  measured  level  corresponds  to  the  noise  floor  of  the  measuring 
set-up.  As  before,  high  transmission  levels  (between  -3  and  -5  dB)  are  reached  for  the  first  transmission  band  (frequencies 
below  220  GHz).  A  sharp  transmission  peak  appears  at  253  GHz  due  to  the  presence  of  the  defect.  This  frequency  is  well 
Inside  the  complete  band  gap  of  the  photonic  structure  (fig.  5).  The  full  width  at  half  maximum  of  the  peak  is  3.3  GHz, 
which  actually  corresponds  to  the  frequency  resolution  of  the  measurement  set-up.  The  transmission  level  of  the  defect 
mode  is  relatively  low  (»-27  dB).  We  explain  this  result  by  the  conjugated  effects  of  the  weak  coupling  of  the  incident  plane 
wave  to  the  defect  mode,  and,  in  a  greater  extent,  by  the  tack  of  resolution  of  the  measuring  set-up.  The  transmission 
spectrum  in  dashed  lines  (fig.  10,  left)  was  measured  with  the  defect  illuminated  with  an  external  laser  beam.  The  power  of 
the  Ti:Saphire  laser  beam  was  of  330  mW.  As  seen,  the  transmission  peak  of  the  defect  mode  disappears  whereas  the  overall 
shape  of  the  transmission  spectrum  does  not  change  significantly. 
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Figure  9:  Defect  illumination. 


To  confirm  the  experimental  results,  we  calculated  the  propagation  of  the  electromagnetic  waves  in  the  photonic  crystal 
using  the  HFSS  finite  elements  electromagnetic  simulator  from  Hewlett-Packard.  The  precise  simulation  of  the  defect 
shown  in  the  Fig.  8  would  have  required  a  prohibitive  calculation  time.  Therefore  we  reduced  the  computational  task  by 
considering  a  defect  composed  of  only  one  of  the  four  silicon  parallelepipeds  inserted  in  the  middle  of  the  two  and  a  half 
crystal  periods.  The  thickness  of  this  reduced  defect  was  identical  to  that  of  the  real  defect.  The  semi-insulating  silicon 
(1  kfl.cm)  used  to  build  the  photonic  crystal  and  the  defect  was  simulated  as  an  absorbing  dielectric  with  a  frequency- 
independent  permittivity  of  1 1.4  and  a  loss  tangent  of 0.002.®"''.  The  calculated  transmission  spectra  in  the  stacking  direction 


Figure  10:  Measured  transmission  spectra  with  and  without  illumination  of  the  defect  (left). 

Calculated  transmission  spectra  with  and  without  illumination  of  the  defect  (right) 

are  shown  in  fig.  10  (right).  The  position  of  the  lower  bandgap  edge  is  at  225  GHz  as  in  the  experiments.  In  contrast,  the 
central  frequency  of  the  transmission  peak  associated  to  the  defect  is  calculated  at  263  GHz  instead  of  253  GHz,  measured 
experimentally.  The  shift  to  a  lower  frequency  in  the  experiments  suggest  that  coupling  effects  are  present  between  the 
individual  modes  associated  with  the  four  silicon  parallelepipeds  :  Their  degeneracy  is  lifted,  but  only  the  symmetric  mode 
with  a  lower  energy  is  excited  by  the  THz  plane  wave.  In  ftie  absence  of  laser  illumination,  the  calculated  width  of  the 
transmission  peak  is  0.7  GHz  (i.e.,  6  times  smaller  than  the  spectral  resolution  of  our  measurement  system)  and  the 
transmission  maximum  is  -10  dB.  This  confirms  that  the  relatively  low  transmission  level  measured  in  our  experiments  is 
more  likely  due  to  the  lack  of  spectral  resolution  than  to  the  residual  losses  of  the  semiconductor  material.  The  illumination 
of  the  defect  by  the  laser  beam  was  simulated  by  an  increase  of  the  localized  defect  absorption  to  the  value  of  20  cm  (loss 
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tangent  value  of  0.1  and  carrier  density  of  As  seen  in  figure  10,  the  calculations  are  in  good  agreement  with 

the  experiments.  Under  illumination  the  resonant  peak  completely  vanishes  while  the  overall  spectral  shape  is  unchanged. 
The  attenuation  by  more  than  30  dB  results  from  a  fractional  absorption  per  pass  of  40%  in  the  silicon  micro-resonator. 


5.  CONCLUSION 

We  have  conducted  an  experimental  and  numerical  study  of  a  sub-millimeter  wood-pile  photonic  crystals  obtained  by  a  low 
cost  and  material  independent  fabrication  technique.  The  crystal  is  made  by  stacking  mechanically  machined  highly 
resistive  silicon  substrates.  A  terahertz  time-domain  spectroscopy  set-up  was  used  for  broad  band  transmission 
characterization  of  the  crystals.  First  a  wide  complete  photonic  band  gap,  centered  at  265  GHz  with  a  19%  band-gap  to  mid¬ 
gap  frequency  ratio,  and  excellent  filtering  properties  (2.2  dB/GHz  slope  at  240  GHz)  was  demonstrated.  Then,  the 
influence  of  interstitial  defects  inserted  in  the  structures  was  studied.  We  experimentally  demonstrated  the  possibility  of 
commanding  the  transmission  level  of  defect  modes  in  three-dimensional  photonic  crystals.  The  defect  mode  transmission 
level  was  controlled  by  varying  the  defect  absorption  with  an  external  laser  beam.  Transmission  spectra  with  and  without 
laser  illumination  were  well  reproduced  by  numerical  simulations.  Tills  study  may  be  considered  as  a  first  step  towards  the 
development  of  adaptable  photonic  crystals  and  3D  active  filters  at  sub-millimeter  wavelengths. 
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ABSTRACT 

A  compact  tunable  terahertz  (THz)-wave  source  that  operates  at  room  temperature  has  been  realized 
by  introducing  a  novel  configuration  of  a  laser-pumped  parametric  oscillator  using  a  trapezoidal 
LiNbOj  crystal.  We  used  total  reflection  for  the  pump  and  resonated  idler  waves  under  noncollinear 
phase-matching  conditions  by  using  a  trapezoidal  LiNbOj  crystal,  so  that  the  interacting  position  was 
located  at  the  THz-wave  exit  surface,  and  direct  radiation  could  be  produced  without  any  coupling 
devices.  Continuously  tunable  coherent  THz-wave  radiation  was  successfully  demonstrated  at 
wavelengths  from  130-3 10|am  (frequency:  0.9-2.3THz)  with  a  maximum  output  of  45pJ/pulse 
(4.5mW  at  the  peak).  In  addition,  the  THz-wave  had  an  excellent,  circular  Gaussian-like  beam  profile 
with  a  divergence  of  2.4  degrees.  Our  parametric  method  has  several  advantages  over  other  methods. 
This  easy  to  use  compact  system  has  wide  tunability,  coherency,  a  relatively  high  peak  power,  and  a 
single  fixed  wavelength  pump  source.  These  features  will  be  useful  for  a  wide  range  of  applications. 

Keywords:  THz-wave,  parametric  oscillator,  nonlinear  frequency  conversion,  trapezoidal  LiNbOj, 
reduced  propagation  loss,  extended  tunability,  coupling  method 

1.  INTRODUCTION 

While  optical  and  microwave  technologies  are  well  established,  the  spectral  region  of  terahertz  (THz) 
frequencies  between  light  waves  and  microwaves  still  remains  unexplored.  Therefore,  it  is  highly 
likely  that  new  phenomena  will  be  found  in  this  frequency  range  in  research  in  the  life  sciences,  basic 
and  applied  physics,  communication,  and  so  forth.  Over  the  past  few  years,  THz-wave  generation  and 
detection  have  attracted  much  attention  from  both  fundamental  and  applied  perspectives.  Most  of  the 
studies  have  utilized  the  ultrabroad  bandwidth  characteristics  of  THz  pulses  from  high-speed 
photoconductors  or  electro-optic  materials  irradiated  with  a  mode-locked  subpicosecond  laser’'^.  In 
contrast,  we  have  demonstrated  continuously  tunable  THz-wave  generation  (wavelength:  140-3  lO^im, 
frequency:  0.9-2. 1  THz)  using  the  laser-pumped  parametric  scattering  from  the  Aj-symmetry 
polariton  mode  of  LiNbOj.  New  output  coupling  methods  for  the  THz-wave,  such  as  a  grating  or 
Si-prism  couplers,  have  been  introduced  to  substantially  improve  the  efficiency  of  this  method^  ”. 
The  THz-wave  source  has  several  advantages  over  other  methods:  it  has  excellent  coherency,  wide 
tunability,  and  a  relatively  high  peak  power.  In  addition,  it  requires  only  one  laser  pump  source  of  a 
fixed  wavelength,  making  it  compact  (tabletop  size)  and  easy  to  handle.  We  have  also  demonstrated 
several  applications  of  this  tunable  THz-wave  source,  such  as  THz  spectroscopy  without  a 
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monochromator®'”  and  differential  imaging'^.  In  this  paper,  we  describe  the  novel  configuration  of 
the  THz-wave  parametric  oscillator  (TPO)  using  a  trapezoidal  LiNbOj  crystal  and  compare  its 
improved  performance  to  a  conventional  TPO  with  a  rectangular  crystal. 

2.  PRINCIPLE  OF  OPERATION 

The  generation  of  coherent  tunable  THz-waves  is  based  on  the  parametric  down  conversion  of  laser 
light,  using  both  second-  and  third-order  nonlinearities  (stimulated  parametric  scattering  from  the 
Ai-symmetry  polariton  mode  of  LiNbOj).  Stimulated  polariton  scattering  occurs  in  polar  crystals, 
such  as  LiNbOj,  LiTaOj,  and  GaP,  which  are  both  infrared-active  and  Raman-active’ ^  LiNbOj  is  one 
of  the  most  suitable  materials  for  generating  THz-waves  efficiently,  due  to  its  large  nonlinear 
coefficient  as  well  as  its  wide  transparency  in  the  optical  wavelength  range.  As  shown  in  Fig.  1, 


Fig.l.  Dispersion  relationship  of  a  polariton,  elementary  excitation  generated  by  the 
combination  of  a  photon  and  a  transverse  optical  phonon  (6>ro)-  A  polariton  in  the  low 
energy  region  behaves  like  a  photon  at  THz  frequency.  A  tunable  THz-wave  is  obtained 
by  controlling  the  wavevector  because  of  the  phase-matching  condition  as  well  as  the 
energy  conservation  law,  which  both  hold  in  the  stimulated  parametric  process. 


Fig.2.  Conventional  experimental  cavity  arrangement  for  the  THz-wave  parametric 
oscillator  (TPO)  using  a  Si-prism  coupler  on  the  y-surface  of  the  LiNbOs  crystal.  The 
inset  shows  the  noncollinear  phase-matching  condition. 
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polaritons  exhibit  photon-like  behavior  in  the  non-resonant  frequency  region  (far  from  the  TO- 
phonon  frequency  Oiro)-  A  signal  photon  at  THz  frequency  (fiy)  and  a  near-infrared  idler  photon  (q) 
are  created  from  a  near-infrared  pump  photon  (o^)  parametrically,  in  obedience  to  the  energy 
conservation  law  C0p=0)r+a},  (p:  pump,  T:  TH2;  i\  idler/  In  the  stimulated  scattering  process,  the 
momentum  conservation  law  kp  =  k.j.+  ki  (noncollinear  phase-matching  condition;  see  the  insets  of 
Figs.l,  2)  also  holds.  This  leads  to  the  angle-dispersive  characteristics  of  the  idler  and  THz-waves 
generated.  Thus  a  coherent  THz-wave  is  generated  efficiently  by  using  an  optical  resonator  for  the 
idler  wave  as  shown  in  Fig.2,  and  continuous  and  wide  tunability  is  accomplished  simply  by  changing 
the  angle  between  the  incident  pump  beam  and  the  resonator  axis  (angle-tuning). 

3.  TPO  DESIGN  USING  A  TRAPEZOIDAL  LiNbOj  CRYSTAL 

As  described  above,  the  idler  (near-infrared)  and  THz-waves  are  generated  parametrically  from  a 
pump  source,  and  three  wave  vectors  kp,  ^^and  kj-  (p:  pump,  i:  idler,  T:  THz)  are  noncollinearly 
phase-matched.  When  a  Nd:YAG  laser  (X=1.064tim)  is  used  as  the  pump,  the  idler  wave  emerges  at 
angle  Oof  0.5-1. 0  degrees  (wavelength:  1.068-1.072|j,m),  and  the  THz-wave  is  generated  at  angle  S of 
around  65  degrees  inside  the  LiNbOj  crystal  (Fig.2).  To  avoid  total  reflection  inside  the  crystal  (the 
refractive  indices  at  THz  frequencies  »5.2),  an  output  coupling  method  for  the  THz-wave  is  necessary. 
This  may  be  a  grating  coupler^’®,  a  Si-prism  coupler’  ”,  or  a  cut  exit  (cutting  a  corner  of  the  crystal 
perpendicular  to  the  direction  of  THz-wave  propagation)’'*.  However,  these  methods  result  in  a 
significant  loss  of  THz-waves,  especially  at  short  wavelengths,  because  the  absorption  coefficient  of 
LiNbOj  at  THz  frequencies  exceeds  several  tens  cm"’  (Fig.  3)  and  the  THz-wave  power  drops  a  few 
orders  of  magnitude,  even  with  1mm  propagation. 

To  achieve  efficient  coupling  and  minimize  absorptive  loss  of  the  THz-wave,  we  designed  a 
novel  TPO  configuration  using  a  trapezoidal  LiNbOj  crystal  (Fig.4).  While  the  pump  and  idler  waves 
are  totally  reflected  at  the  top  surface  of  the  crystal,  the  coupled  THz-wave  leaves  the  exit  surface 
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Fig.3.  Absorption  coefficient  of  LiNbOs  at  THz  frequencies  measured  with  a  Foxurier 
transform  infrared  (FTIR)  spectrometer. 
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Fig.4.  TPO  configuration  using  a  trapezoidal  LiNbOj  crystal.  The  pump  and  idler  waves 
are  totally  reflected  under  noncollinear  phase-matching  conditions,  and  the  THz-wave  is 
emitted  vertically  from  the  y-surface  of  the  crystal. 

almost  vertically.  The  absorption  loss  is  minimized  since  the  interaction  area  is  located  near  the  exit 
surface,  and  around  45%  of  the  THz-waves  generated  there  will  pass  through  the  surface. 


4.  EXPERIMENTAL  SETUP 

An  experimental  setup  using  the  trapezoidal  LiNb03  TPO  is  shown  in  Fig.5.  The  pump  source  used 
was  a  Q-switched  Nd:YAG  laser  (Lotis  Til  LS-2136-LP,  X=1.064pm,  pulse  width:  25ns,  repetition 
rate;  50Hz)  polarized  along  the  z-axis  of  the  crystal,  which  produced  a  1.6mm  spot.  The  TPO 
consisted  of  a  75mm-trapezoidal  LiNbOs  crystal  (lower  base:  50mm)  and  two  flat  mirrors.  Ml  and 
M2,  with  a  cavity  length  of  17cm.  The  incident  and  outgoing  surfaces  of  the  crystal  were  anti- 


Fig.5.  Experimental  cavity  arrangement  of  the  TPO  using  a  trapezoidal  LiNbOs  crystal. 
The  crystal  and  the  two  mirrors  are  moimted  on  a  rotating  stage  to  tune  the  wavelength. 


305 


reflection  (AR)  coated  for  the  pump  and  idler  waves,  and  the  mirrors  were  high-reflection  (HR) 
coated  for  the  resonated  idler  wave  (R=98%@~1.07^im).  The  TPO  was  mounted  on  a  computer- 
controlled  rotating  stage,  which  enables  continuous  tuning  of  the  THz-wave.  The  THz-wave 
radiation  was  detected  with  a  4K  Si-bolometer,  and  its  spectrum  was  measured  with  a  Fabry-Perot 
interferometer  (FPI)  using  a  Ni  mesh  with  a  65nm  grid  spacing. 

5.  RESULTS  AND  DISCUSSION 

The  angle-tuning  characteristics  of  the  THz-wave  are  shown  in  Fig.6.  The  dots  are  the  experimental 
results,  which  agreed  well  with  the  tuning  curve  (solid  line)  calculated  from  the  noncollinear  phase¬ 
matching  condition’'-’®.  Atunability  of  310-130pm  for  the  THz-wave  (1.068-1.073pm  for  the  idler) 
was  obtained  by  varying  the  incident  pump  angle  from  0.9  to  2.4  degrees.  Fig.7  shows  an  example  of 


Fig.6.  Angle-tuning  characteristics  of  the  THz-wave.  The  solid  line  indicates  the 
calculated  tuning  curve  and  the  dots  are  the  experimental  results. 


Displacement  of  Metal  Mesh  [jum] 


Fig.7.  THz-wavelength  measured  with  a  metal-mesh  Fabry-Perot  interferometer. 
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a  THz- wavelength  measurement  using  the  metal-mesh  FPI  (Fig.  5),  where  the  distance  between  two 
peaks  corresponds  to  half  the  wavelength.  A  wavelength  of  138p.m  (2.2THz)  was  measured 
successfully,  while  it  is  difficult  to  operate  the  conventional  TPO  (Fig. 2)  at  wavelengths  less  than 

150pm. 


Fig.8.  Measured  wavelength  dependence  of  the  THz-wave  output  of  the  TPO  with  a 
trapezoidal  LiNbOj  crystal  pumped  at  38mJ/pulse.  The  dots  are  the  experimental  results 
and  the  solid  line  is  the  least-square  fitting  curve.  The  dotted  line  is  the  output 
characteristic  of  the  conventional  TPO  with  a  Si-prism. 


Fig.9.  Input-output  characteristics  of  THz-wave  (wavelength:  175|im).  The  oscillation 
threshold  was  measured  to  be  29mJ/pulse  (60MW/cm^). 
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Fig.  8  shows  the  output  characteristics  of  the  THz-wave  at  each  wavelength  for  a  fixed  pump 
input  of  39mJ/puIse  (80MW/cm^).  The  maximum  output  of  45pJ/pulse  (peak  power;  4.5mW)  was 
achieved  at  around  175pm,  which  was  1.5  times  higher  than  that  obtained  from  the  conventional 
Si-prism  TPO  (dotted  line).  The  enhanced  THz-wave  output  at  short  wavelengths  is  remarkable,  and 
this  result  clearly  shows  the  effect  of  the  minimized  absorption  loss  inside  the  LiNbOj  crystal  due  to 
the  minimized  propagation  between  the  interaction  area  and  the  exit  surface.  Fig. 9  shows  the 
input-output  characteristics  of  the  TPO,  where  the  idler  and  THz  wavelengths  are  1.0705pm  and  175 
pm,  respectively.  The  THz-wave  output  increased  linearly  with  the  pump  input  well  above  the 
oscillation  threshold,  and  the  threshold  was  measured  to  be  about  29mJ/pulse  (60MW/cm^)  in  this 
experiment. 

The  THz-wave  beam  profile  was  also  investigated  at  various  distances  from  the  exit  surface  of 
the  crystal.  The  measurement  was  performed  using  a  Imm-slit  and  a  white  polyethylene  lens  in  front 
of  the  Si-bolometer.  A  nearly  circular  Gaussian  profile  was  obtained  at  every  position  from  the  exit 
surface,  as  shown  in  Fig. 10.  The  beam  diameter  at  the  exit  was  around  1.6mm,  and  its  divergence 
was  around  2.4  degrees.  The  beam  diameter  at  the  exit  agrees  well  with  the  spot  size  of  the  totally 
reflected  pump  in  the  XZ-plane  of  the  crystal,  thus  the  external  THz-wave  radiation  originates  from 
components  generated  very  near  to  the  exit  surface.  The  characteristics  of  the  THz-wave,  such  as  an 
excellent  transverse  mode  profile  and  its  sharp  directivity,  will  be  useful  for  imaging  and  other 
applications. 


Fig.lO.  Transverse  mode  profile  of  THz-wave  measured  at  50mm  from  the  exit  surface. 
The  upper  curve  is  in  the  z-direction  (vertical)  and  the  lower  is  in  the  x-direction 
(horizontal). 


6.  CONCLUSION 

In  conclusion,  we  produced  an  efficient  tunable  THz-wave  parametric  oscillator  using  a  trapezoidal 
LiNbOs  crystal.  We  measured  the  tunability,  output  power,  and  beam  divergence  of  this  TPO.  By 
virtue  of  the  minimized  absorption  loss  of  the  THz-wave,  tunability  was  achieved  in  shorter 
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wavelength  regions.  Our  parametric  method  has  significant  advantages  over  other  available  sources 
of  THz-waves:  it  is  compact,  easy  to  use,  and  has  wide  tunability.  This  method  has  many  potential 
applications,  including  spectroscopic  measurements  of  various  materials,  medical  and  biological 
applications,  THz  imaging,  monitoring  different  gasses,  use  in  communication,  and  so  forth.  Further 
study  is  required  to  increase  its  efficiency,  narrow  the  linewidth,  and  establish  a  continuous  wave 
operation,  possibly  by  utilizing  a  domain-inverted  structure’^’’*. 
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ABSTRACT 

We  have  used  a  novel  millimetre-wave  magneto-optical  technique  to  study  the  angle-dependence  of  the  high- 
frequency  conductivity  of  the  molecular  superconductor  /c-(BEDT-TTF)2Cu(NCS)2.  The  data  strongly  sug¬ 
gest  that  the  superconducting  gap  has  nodes  directed  along  the  b  and  c  directions  of  the  crystal,  in  agree¬ 
ment  with  recent  theoretical  predictions.  This  supports  the  idea  that  the  superconductivity  in  «-(BEDT- 
TTF)2Cu(NCS)2  is  d-wave  in  nature,  and  is  mediated  by  spin  fluctuations. 

Keywords:  Order  parameter  symmetry,  organic  superconductors,  unconventional  superconductivity,  millimetre- 
wave  techniques 

The  family  of  superconducting  charge-transfer  salts  /c-(BEDT-TTF)2A,  where  X  can,  for  example,  be 
Cu(NCS)2,  Cu[N(CN)2]Br  or  I3,  has  attracted  considerable  recent  attention.  A  variety  of  experiments  have 
suggested  that  the  superconducting  gap  function  may  contain  nodes  at  certain  points  on  the  Fermi  surface; 
e.g.  the  NMR  spin-lattice  relaxation  rate*  varies  as  T®  and  the  thermal  conductivity^  is  proportional  to  T 
below  the  superconducting  critical  temperature  Tc-  In  addition,  microwave  penetration-depth  studies®  show 
a  non-BCS-like  behaviour  of  the  penetration  depth  as  a  function  of  T  and  the  electronic  component  of  the 
specific  heat'*  has  an  unconventional  field  dependence  below  Tc.  However,  Shubnikov-de  Haas,®’®  magnetic 
breakdown,^  and  angle-dependent  magnetoresistance  oscillation®  experiments  demonstrate  that  these  salts 
have  well-defined  quasi-two-dimensional  (Q2D)  Fermi  surfaces,  indicating  that  the  quasiparticles  can  be 
described  by  Fermi-liquid  theory  at  low  temperatures  (the  Fermi  surface  is  shown  in  Figure  1).  Furthermore, 
it  has  been  possible  to  fit  experimental  Fermi-surface-topology  data  to  a  simplified  model  of  the  tight-binding 
bandstructure  (the  so-called  effective  dimer  model)  to  a  good  degree  of  accuracy.®’®"** 

The  combination  of  unconventional  superconductivity  and  a  tractable  analytical  representation  of  the 
bandstructure  makes  the  /t-(BEDT-TTF)2A  superconductors  attractive  for  theoretical  studies,  and  a  number 
of  authors®’*®’*®’*®  have  explored  the  possibility  of  d-wave  superconductivity  mediated  by  spin  fluctuations. 
Such  approaches  predict  that  the  superconducting  order  parameter  will  have  four,  roughly  perpendicular, 
gap  nodes,  the  exact  orientation  of  the  nodes  depending  on  the  underlying  details  of  the  Fermi  surface.*®’*® 
Experiments  performed  thus  far  have  merely  detected  the  probable  presence  of  the  gap  nodes,  without 
giving  information  about  their  relative  orientation.  In  this  paper,  we  use  a  millimetre-wave  magneto-optical 
technique  to  determine  the  orientation  of  the  gap  nodes  in  k-(BEDT-TTF)2Cu(NCS)2.  The  data  appear  to 
be  in  good  qualitative  agreement  with  the  predictions  of  Schmalian.*® 

The  experiments  were  carried  out  on  a  number  of  crystals  of  k-(BEDT-TTF)2Cu(NCS)2,  grown  by  con¬ 
ventional  electrochemical  means*^  and  of  approximate  size  1  x  0.5  x  0.05  mm®.  A  single  crystal  was  placed 
at  the  centre  of  a  silver  rectangular  resonant  cavity  of  dimensions  6  x  3  x  1.5  mm®,  resonating  in  the  TE102 
mode  at  around  70  GHz;  the  quality  factor  of  the  cavity  is  ~  1500  when  empty,  falling  to  ~  1000  when  the 
cavity  is  loaded  with  the  sample.  The  high-frequency  field  distribution  in  the  cavity  is  very  well-defined, 
and  the  sample  is  placed  in  an  antinode  of  the  oscillatory  magnetic  field  H,  such  that  H  is  parallel  to  the 

Corresponding  author:  J.M.  Schrama,  E-mail:  mEirije.schrama@magd.ox.ac.uk 


Part  of  the  EUROPTO  Conference  on  Terahertz  Spectroscopy  and  Applications  II 
Munich.  Germany  >  June  1999  SPIE  Vol.  3828  •  0277-786X/99/$10.00 


311 


Figure  1.  The  Fermi  surface  of  k;-(BEDT-TTF)2Cu(NCS)2- 


highly-conducting  Q2D  planes  of  the  sample.  Oscillatory  circulating  currents  are  induced  in  the  plane  per¬ 
pendicular  to  H;  hence  they  always  have  a  component  in  the  low  conductivity  direction  (i.e.  perpendicular  to 
the  high-conductivity  planes).  The  skin  depth  in  this  regime  is  rather  larger  than  the  sample  dimensions  and 
the  millimetre-wave  field  penetrates  the  sample  completely.^®  The  currents  induced  in  the  sample  dissipate 
power  from  the  cavity’s  millimetre-wave  field,  and  for  small  changes,  the  change  in  the  cavity’s  quality  factor 
is  proportional  to  the  change  in  the  sample’s  conductivity.  The  cavity  system  therefore  allows  the  sample’s 
bulk  conductivity  to  be  measured  at  GHz  frequencies.^® 

In  the  current  experiment,  the  sample  was  placed  on  a  mount  which  allowed  it  to  be  rotated  about  the 
normal  to  its  highly-conducting  Q2D  planes  within  the  cavity;  thus  the  orientation  of  H  within  the  highly- 
conducting  planes  can  be  varied.  In  the  discussion  that  follows,  the  orientation  of  H  will  be  defined  by  the 
azimuthal  angle  of  rotation  0;  (/>  =  0  corresponds  to  H  being  parallel  to  the  c  direction  of  the  lattice.  In 
such  an  arrangement,  the  induced  circulating  currents  always  have  the  same  interplane  component;  however, 
the  direction  of  the  inplane  component  of  the  induced  current  can  be  changed  by  rotating  the  sample.  The 
cavity  was  placed  in  a  variable  temperature  insert  within  a  17  T  superconductive  magnet.  The  quasistatic 
magnetic  induction  B  provided  by  the  magnet  was  applied  perpendicular  to  the  sample’s  Q2D  planes. 

Figure  2(a)  shows  the  transmission  of  the  cavity  as  a  function  of  B  for  several  different  orientations 
(denoted  by  of  the  oscillatory  field  H  within  the  sample’s  Q2D  conducting  planes.  Our  experimental 
apparatus  has  a  background  absorption^®  which  may  be  seen  at  B  «  2  T;  this  feature  is  present  in  the  absence 
of  a  sample  and  is  independent  of  temperature  and  sample  orientation.  At  high  B,  the  cavity  transmission  is 
dominated  by  the  normal-state  conductivity  of  the  sample;  at  the  lowest  temperatures,  Shubnikov-de  Haas 
oscillations  can  be  clearly  observed.^®’^®  At  low  B,  the  cavity  transmission  decreases  steeply  before  reaching 
a  minimum;  the  postion  of  the  minimum  and  its  depth  are  strongly  temperature  dependent.  A  comparison 
of  the  position  of  the  minimum  as  a  function  of  temperature  with  the  known  temperature  dependence  of  the 
upper  critical  field  of  k;-(BEDT-TTF)2Cu(NCS)2^^  demonstrates  that  the  minimum  is  associated  with  the 
superconducting  to  normal  transition  of  the  sample. 

An  number  of  mechanisms  for  millimetre-wave  power  dissipation  axe  known  to  occur  within  the  supercon¬ 
ducting  state. The  dissipation  due  to  these  mechanisms  becomes  larger  than  that  due  to  the  normal-state 
electrons  close  to  the  phase  transition  (magnetic  field-  or  temperature-driven)  to  normal  behaviour.^^  The 
data  in  Figure  2(a)  support  such  a  picture;  the  fact  that  a  minimum  in  the  cavity  transmission  occurs  just 


Figure  2.  (a)  Cavity  transmission  versus  applied  magnetic  field  for  a  range  of  sample  orientations,  (j).  The 
temperature  is  1.4  K  and  the  measurement  frequency  is  70  GHz.  (b)  The  normalized  amplitude  of  the  dip 
associated  with  the  superconducting  transition  as  a  function  of  the  sample  orientation. 

below  the  superconducting  to  normal  transition  shows  that  the  dissipation  in  the  cavity  is  larger  in  the 
superconducting  state  close  to  the  upper  criticial  field  than  in  the  normal  state. 

At  high  B,  the  cavity  transmission  is  dominated  by  the  normal-state  conductivity,  which  is  largely  <j) 
independent.  In  contrast,  the  low-field  cavity  transmission,  and  in  particular  the  depth  of  the  minimum 
denoting  the  superconducting  to  normal  transition,  varies  markedly  with  <(>.  As  described  above,  the  minimum 
occurs  because  of  differences  between  the  amount  of  dissipation  in  the  superconducting  and  normal  states^^; 
the  fact  that  the  minimum  varies  with  </>  indicates  that  the  relative  strengths  of  the  dissipative  mechanisms 
in  the  superconducting  and  normal  states  depends  on  the  direction  in  which  the  oscillatory  current  induced 
by  H  flows. 

The  geometry  of  the  experiment  dictates  that  H  always  lies  perpendicular  to  the  the  interplane  direction, 
so  that  the  circulatory  induced  current  must  have  a  component  flowing  in  the  interplane  direction  for  all 
(j>.  Because  of  the  very  large  conductivity  anisotropy  of  k-{BEDT-TTF)2Cu(NCS)2,^^  the  size  of  the  circu¬ 
lating  current  will  almost  entirely  be  determined  by  the  interplane  conductivity,  so  that  it  will  be  almost  (f> 
independent^®;  this  explains  the  approximate  ^-independence  of  the  cavity  transmission  in  the  normal  state 
in  Figure  2(a).  Therefore  the  variation  with  (j>  of  the  dissipative  mechanisms  which  cause  the  minima  in 
Figure  2(a)  must  be  due  to  the  direction  in  which  the  in-plane  component  of  the  induced  current  flows. 

The  Fermi  surface  of  /t-(BEDT-TTF)2Cu(NCS)2  is  shown  in  the  Figure  1.  The  flow  of  in-plane  currents 
at  low  temperatures  will  be  due  to  quasiparticles  with  energies  within  ~  ksT  of  the  Fermi  energy;  as  the 
quasiparticle  velocities  v  are  given  by  fiv  =  Vk£l(k),  these  will  have  velocities  directed  perpendicular  to 
the  Fermi  surface.  By  choosing  as  in-plane  current  direction,  we  are  chiefly  selecting  quasiparticles  with  a 
particular  direction  of  v,  and  hence  probing  a  particular  section  of  the  Fermi  surface.  If  there  is  a  node 
in  the  superconducting  gap  at  that  point,  the  dissipative  mechanisms  which  aflfect  the  induced  current  will 
be  very  similar  in  the  superconducting  and  normal  states  (the  number  of  normal  quasiparticles  involved  in 
the  current  flow  will  be  very  similar  in  the  normal  and  superconducting  states).  Hence,  the  depth  of  the 
minimum  in  the  cavity  dissipation  close  to  the  phase  boundary  will  be  small.  On  the  other  hand,  if  the 
superconducting  gap  function  is  large  on  that  part  of  the  Fermi  surface,  there  will  be  a  large  difference  in 
the  dissipative  mechanisms  affecting  the  induced  current  as  one  moves  from  the  superconducting  state  to  the 
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normal  state;  hence  the  minimum  will  be  deep.  In  this  way,  the  <j)  dependence  of  the  superconducting  gap 
can  be  mapped  out  by  examining  the  depth  of  the  minimum. 

Figure  2(b)  shows  the  depth  of  the  minimum  below  the  extrapolated  normal-state  cavity  transmission  as 
a  function  of  azimuthal  angle  cf).  In  order  to  remove  any  possible  effects  caused  by  the  sample’s  geometry,  the 
data  have  been  normalised  by  dividing  by  the  Fourier  amplitude  of  the  Shubnikov-de  Haas  oscillations  at  the 
same  angle  cj)  (see  Figure  2(a));  in  such  a  cavity  measurement,  the  size  of  the  Shubnikov-de  Haas  oscillations 
is  a  good  absolute  indication  of  the  interplane  conductivity^®  and  so  can  be  used  to  normalise  out  variations 
in  the  coupling  between  the  sample  and  the  millimetre- wave  fields.  The  normalised  minimum  depth  shows 
a  clear  “X”  shape,  with  nodes  directed  along  the  b  and  c  directions  of  the  crystal.  This  strongly  suggests 
that  the  superconducting  order  parameter  also  possesses  nodes  in  these  directions,  in  agreement  with  the 
fiuctuation-exhange  approximation  calculations  of  Schmalian.^® 

It  should  also  be  noted  that  the  antinodes  of  Figure  2(b)  are  of  a  qualitatively  similar  form  to  the  predicted 
antinodes  in  the  supercondcucting  gap  shown  in  Figure  3  of  Schmalian^**  (in  Schmalian’s  notation,  the  y  and  x 
directions  correspond  to  the  c  and  b  crystal  directions  of  /«-(BEDT-TTF)2Cu(NCS)2  respectively),  although 
the  very  narrow  “suppressed  gap”  regions  are  not  visible  in  our  data,  possibly  because  of  the  limited  angular 
resolution. 

In  summary,  we  have  used  a  millimetre-wave  magneto-optical  technique  to  study  the  superconducting 
to  normal  transition  of  /c-(BEDT-TTF)2Cu(NCS)2.  The  data  strongly  suggest  that  the  superconducting 
gap  has  nodes  directed  along  the  b  and  c  directions  of  the  crystal,  in  agreement  with  recent  theoretical 
predictions.^®  This  provides  support  for  the  idea  that  the  superconductivity  in  /c-(BEDT-TTF)2Cu(NCS)2 
and  other  K-phase  BEDT-TTF  salts  is  d-wave  in  nature,  and  is  at  least  partly  mediated  by  spin  fluctuations. 
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ABSTRACT 

The  measurement  of  the  spatial  coherence  of  a  macroscopic  ensemble  of  carriers  excited  coherently  by  femtosecond  laser 
pulses  is  presented.  The  spatial  coherence  of  the  excited  ensemble  is  derived  from  time-  and  spatially  resolved 
measurements  of  the  far-field  THz-emission  pattern.  The  analysis  concentrates  on  surface  field  emitters,  which  are 
widespread  broadband  sources  of  coherent  THz-radiation.  We  find  that  these  emitters  are  fully  spatially  coherent  for 
emission  frequencies  up  to  1.6  THz,  above  which  frequency  the  spatial  coherence  starts  to  decrease.  For  frequencies  above 
2.5  THz  the  spatial  coherence  of  the  emitter  is  limited  to  one  THz  wavelength. 

Keywords:  Time-resolved  THz  spectroscopy,  spatial  THz  emission  pattern,  femtosecond  technology,  surface-field  emitters 

1.  INTRODUCTION 

Optically  excited  surface-field  emitters  are  widespread  broadband  sources  of  coherent  THz  radiation.  These  are  attractive 
for  the  use  in  THz-transient  spectroscopy  setups  because  of  their  simplicity,  reliability,  and  relatively  easy  alignment.  Their 
operation  is  based  on  the  acceleration  of  photo-injected  carriers  in  the  large  ‘built-in’  electric  field  normal  to  the  surface  of  a 
semiconductor,  which  results  from  the  band-bending  near  a  semiconductor  surface.  The  simplest  possible  picture  for  the 
emission  process  treats  the  accelerated  carriers  as  an  ensemble  of  dipoles,  oscillating  in  a  direction  normal  to  the  surface  of 
the  semiconductor.  Basic  antenna  theory  states  that  the  emission  pattern  of  such  an  ensemble  is  that  of  the  distribution 
function  of  individual  oscillators,  multiplied  by  the  radiation  pattern  of  an  individual  dipole  [1].  The  carrier  distribution  is 
given  by  the  Gaussian  spatial  profile  of  the  optical  excitation  pulse,  and  gives  a  Gaussian  emission  pattern.  The  dipole 
contribution  is  proportional  to  sinfO),  where  0  is  the  angle  from  the  surface  normal.  The  use  of  optical  pulses  that  are  short 
in  comparison  with  the  THz  frequencies  emitted  assures  that  the  created  carrier  distribution  is  fully  coherent. 

2.  EXPERIMENT 

We  adapted  a  standard  THz-transient  setup  to  measure  the  angle-dependent  emission  characteristics  of  the  surface-field 
emitter.  A  self-mode-locked  Ti-.Sapphire  laser  (Coherent  Mira  900)  produces  pulses  with  an  fwhm  width  of  approximately 
90  fs  .  We  use  500  mW  time-averaged  power  to  excite  the  surface-field  emitter,  an  InGaAs  epitaxial  layer  on  an  InP 
substrate.  The  emitted  THz  radiation  is  detected  using  an  ID-SOS  photoconductive  antenna,  where  a  Si  lens  (d=3mm)  is 
used  to  increase  the  sensitivity.  We  use  an  optical  fiber  to  couple  the  gating  pulse  to  the  PC  antenna  to  allow  the  detector 
antenna  to  be  freely  positioned  [2].  The  gate  pulse  is  pre-compensated  for  the  fiber  dispersion  using  a  grating  pair,  and  has 
an  fwhm  width  of  120  fs  after  the  fiber.  A  fast-scan  measurement  technique  is  used  for  data  collection. 


Fig.  1:  Geometry  of  the  experiments.  The  optical 
pump  beam  is  incident  on  the  sample  with  an  angle 
a.  The  main  THz  signals  are  detected  in  the 
specular-reflection  direction  R,  and  the  transmission 
direction  T.  In  some  experiments,  we  also  see 
additional,  distinct  signals  emitted  from  the  edge  of 
the  sample  (K)  and  emitted  normal  to  the  sample 
surface  (O). 


K 


The  sample  geometry  in  the  experiment  is  shown  in  Figure  1.  The  sample  and  the  detector  are  mounted  on  individual 
rotation  stages,  so  that  the  angle  of  the  incident  beam  and  the  detection  angle  for  THz  emission  can  be  varied 


Part  of  the  EUROPTO  Conference  on  Terahertz  Spectroscopy  and  Applications  II 
Munich.  Germany  •  June  1999  SPIE  Vol.  3828  •  0277-786X/99/$10.00 


315 


Fig.  2:  Angle-dependent  measurement  of  the  emitted  THz-transients  for  optical  spotsizes  of  215  pm  (left)  and  823  pm 
(right).  The  incidence  angle  of  the  optical  beam  was  315°  for  both  measurement,  where  the  sample  surface  normal  is 
oriented  at  0°.  The  distance  behind  the  sample  was  r=ll  mm. 

independently.  In  the  figure  we  indicate  four  distinct  directions  for  the  emission,  corresponding  to  the  THz  beam  emitted  in 
the  transmission  (T)  and  reflection  (R)  direction  of  the  optical  beam,  signal  emitted  in  the  plane  of  the  sample  (K),  and 
normal  to  the  plane  of  the  sample  (O). 

We  measured  the  emitted  power  as  a  function  of  excitation  intensity,  and  found  excellent  agreement  with  calculations  where 
the  screening  effect  of  the  generated  THz  field  is  taken  into  account  [3].  The  largest  emitted  THz  power  is  obtained  for  an 
incident  angle  a  corresponding  to  Brewster’s  angle,  where  the  power  absorbed  in  the  sample  is  maximized.  However,  for 
standard  THz-transient  experiments  it  is  much  more  convenient  to  use  an  incident  angle  of  45°.  Since  the  emitted  power  for 
this  incidence  angle  is  only  slightly  lower,  we  performed  all  experiments  with  this  excitation  angle.  The  THz  power  falls  of 
quadratically  with  the  radial  distance  from  the  emitter,  confirming  that  we  are  working  in  the  far  field  of  the  emitter. 

Figure  2  shows  time-dependent  measurements  of  the  emitted  THz-transients  as  a  function  of  emission  angle.  Results  are 
shown  for  two  different  spot  sizes:  215112  pm  for  the  left  figure,  823136  pm  for  the  right  figure.  For  both  graphs,  the 
excitation  beam  falls  in  along  the  315°  direction.  The  smallest  angle  measured  was  limited  by  the  physical  size  of  the 
detector  mount  to  25°.  Both  scans  were  made  at  a  distance  r=l  1  mm  from  the  sample.  The  oblique  angle  of  incidence  of  the 
excitation  beam  results  in  a  phase  shift  between  the  individual  ‘dipoles’  excited  at  different  positions.  This,  in  turn,  results  in 
an  angle  shift  of  the  emitted  THz  pulse  in  such  a  way,  that  the  THz  radiation  is  collinear  with  the  incident  (T)  or  reflected 
(R)  excitation  beam. 

The  strongest  signal  is  observed  in  the  reflected  (R)  direction.  As  expected,  the  emission  angle  is  much  broader  for  the 
smaller  spotsize  than  for  the  larger  spotsize.  The  THz  signal  in  the  transmitted  (T)  direction  should  be  similar  to  that  in  the 
R  direction,  but  is  substantially  smaller  due  to  interference,  absorption  and  reflection  effects  in  the  sainple. 

In  addition  to  the  signals  seen  in  the  reflected  and  transmitted  directions,  there  is  also  distinct  emission  in  directions  along 
the  plane  of  the  sample,  and  perpendicular  to  it  (K  and  O,  respectively).  Since  all  these  contributions  have  quite  a  broad 
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Fig.  3:  Angular  emission  profiles  for  the  broadband-integrated  power  (0.17-4.5  THz,  upper  left),  and  for  three  separate 
narrow-band  frequency  ranges. 

angular  spread,  they  partially  overlap  for  certain  angles.  This  makes  it  necessary  to  perform  analysis  of  the  results  in  the 
frequency  domain  [4]. 

We  Fourier-transformed  the  time-domain  data,  and  integrated  the  resulting  spectra  piecewise  in  bands  of  165  GHz.  Figure  3 
shows  the  results  in  polar  plots.  In  the  broadband  figure,  all  Fourier  components  from  0.17  to  4.5  THz  are  included.  The 
three  other  figures  show  how  the  beamwidth  decreases  with  increasing  frequency,  as  expected  for  a  fully  coherent  emitter  of 
constant  size. 

We  calculate  the  THz  effective  spotsize  at  the  emitter  from  Gaussian  fits  to  the  far-field  emission  [5].  The  results  are  shown 
in  Figure  4,  where  the  calculated  spotsize  is  divided  by  the  free-space  THz  wavelength.  For  frequencies  up  to  1.6  THz  the 


Fig.  4:  Extracted  effective  spotsize  normalized  to  the 
respective  THz-wavelength  as  function  of  frequency. 
The  effective  spotsize  is  calculated  at  the  position  of  the 
emitter  from  a  Gaussian  fit  to  the  far-field  THz 
emission  pattern.  The  solid  line  is  a  linear  fit  to  the 
low-frequency  data. 
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relative  spotsize  increases  linearly  with  frequency.  For  very  low  frequencies  the  calculated  effective  spotsize  is  larger  than 
the  optical  spotsize,  indicated  by  the  fact  that  the  straight-line  fit  does  not  go  through  the  origin  of  the  plot.  For  these  low 
frequencies,  the  true  emission  area  is  much  smaller  than  the  emitted  wavelength.  Therefore,  it  is  no  longer  possible  for  the 
ensemble  to  work  as  a  Gaussian-beam  emitter.  Rather,  the  ensemble  starts  to  approach  a  point  source  with  a  corresponding 
broad  spatial-emission  pattern. 

Surprisingly,  for  frequencies  above  1.6  THz  the  relative  spotsize  is  seen  to  decrease  to  a  value  smaller  than  the  physical 
spotsize.  This  indicates  that  the  ensemble  of  emitters  is  no  longer  fully  coherent.  For  frequencies  above  2.5  THz  the 
coherence  length  is  reduced  to  approximately  one  wavelength. 

3.  DISCUSSION 

The  above  results  indicate  that  two  assumptions  of  the  simple  interpretation  of  a  surface-field  emitter  as  a  distribution  of 
similar,  fully  coherent  dipole  emitters  are  not  totally  upheld  in  reality.  First,  we  do  not  observe  the  elementary  dipole 
contribution  to  the  emission  characteristics.  The  reflected  THz  beam  can  be  described  without  taking  this  factor  into 
account.  This  constitutes  somewhat  weak  negative  evidence,  since  for  the  rather  large  reflection  angle  involved  the  effect  of 
the  sin(0)  factor  is  not  large.  However,  the  observed  emission  of  power  in  a  direction  normal  to  the  surface  is  forbidden  for 
true  dipole-emission,  and  therefore  indicates  that  the  acceleration  of  the  carriers  has  an  in-plane  component.  Screening 
effects  during  the  excitation  of  the  carriers  result  in  such  an  in-plane  component  of  the  acceleration.  A  second,  interesting 
result  of  our  experiments  is  that  the  photo-excited  semiconductor  is  not  fully  spatially  coherent  as  a  THz  emitter.  Possible 
explanations  are  that  for  high  frequencies  the  coherence  of  the  optically  excited  carriers  is  reduced,  or  that  a  different 
process  with  a  smaller  coherence  length  contributes  to  the  THz  emission  at  higher  frequencies. 

The  large  increase  of  the  emission  angle  for  very  low  frequencies  is  a  straightforward  result  of  the  too-small  emission  spot 
for  these  wavelengths.  This  is  the  reason  why,  in  a  standard  THz-transient  setup,  a  surface-field  emitter  has  a  relative  poor 
low-frequency  performance  in  comparison  with  other  sources,  such  as  photo-conductively  gated  dipole  antennas:  only  a 
small  fraction  of  the  emitted  field  is  collected  by  the  parabolic  mirror  normally  used  in  such  a  setup  to  collimate  the  THz 
beam. 

The  results  show  that  a  significant  part  of  the  THz  radiation  is  emitted  in  a  direction  along  the  edge  of  the  semiconductor 
slab.  This  power  is  not  collected  in  a  standard  THz-transient  setup,  and  therefore  represents  an  undesirable  loss. 

Some  extra  oscillations,  for  long  time  delays  after  the  pulse  maximum,  are  observed  in  the  THz-transients.  These  are  caused 
by  reflections  in  the  sample,  and  possible  by  reflections  between  the  sample  and  parts  of  the  setup. 

4.  CONCLUSIONS 

We  have  performed  coherent  angle-  and  time-resolved  measurements  of  the  THz  emission  of  optically  excited  surface-field 
emitters.  Efficiency  measurements  show  excellent  agreement  with  calculations  where  the  screening  effect  of  the  generated 
THz  field  is  included.  The  radial-distance  dependence  of  the  THz  power  confirms  that  the  measurements  are  performed  in 
the  far  field  of  the  emitter.  We  have  obtained  the  effective  spatial  coherence  of  the  surface-field  emitter  from  an  analysis  of 
the  emission  pattern  as  a  function  of  the  THz  frequency,  and,  interestingly,  find  that  the  spatial  coherence  of  the  source 
starts  to  decrease  for  frequencies  above  1.6  THz,  to  reach  a  limiting  value  of  approximately  a  single  THz  wavelength  for  all 
frequencies  above  2.5  THz. 
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ABSTRACT 

Time-resolved  THz  imaging  for  the  incidence-angle  dependent  three-dimensional  tomographic  characterization  of  layered 
structures  is  presented.  We  illustrate  the  capabilities  of  the  developed  system  on  multi-layer  ceramic  samples  used  for  solid 
oxide  fuel  cells  (SOFC).  Diverse  methods  for  determining  unknown  refractive  indices  are  discussed.  The  significant 
influence  of  the  angle  of  incidence  of  a  THz  imaging  system  on  the  measured  signal  is  demonstrated,  which  can  be 
exploited  especially  in  Brewster-angle  configurations  to  enhance  the  capabilities  of  any  THz  tomography  system. 

Keywords:  time-resolved  THz  spectroscopy,  femtosecond  technology,  THz  imaging,  SOFC 

1.  INTRODUCTION 

Despite  of  the  great  potential  of  radiation  in  the  terahertz  (THz)  firequency  range,  this  section  of  the  electromapetic 
spectrum  remained  to  be  hardly  accessible  for  a  long  period  of  time.  Nevertheless,  since  the  emergence  of  time-domain  (or 
impulsive  optical)  THz  spectroscopy  (for  an  overview  see  e.g.  [1]),  this  range  of  the  electromagnetic  spectrum  has  now 
become  readily  accessible.  Many  applications  of  time-domain  THz  techniques  based  on  ultrafast  laser  pulses  have  been 
demonstrated  and  even  THz  imaging  systems  have  been  developed  [2-5].  THz  imaging  has  an  enormous  application 
potential:  on  the  one  side,  THz  frequencies  are  resonant  to  many  interesting  elementary  excitations.  Hence,  THz  imaging 
allows  the  spatially  resolved  monitoring  of  many  important  properties  of  condensed  matter,  like  e.g.  electronic  densities  and 
mobilities  in  semiconductors  [7],  Cooper-pair  densities  in  superconductors  [7]  or  even  chemical  compositions  in  material 
compounds  [8].  Additionally,  THz  radiation  allows  to  see  through  many  technologically  relevant  materials,  like  polymers  or 
ceramics,  which  are  not  transparent  to  conventional  electromagnetic  radiation  [2].  Hence,  many  attractive  applications  for 
THz  imaging  exist. 

Diverse  THz  imaging  techniques  have  been  developed,  based  on  either  the  spatially  resolved  analysis  of  transmitted  [2]  or 
reflected  [5]  optically  generated  THz  pulses.  This  paper  focuses  on  the  second  possibility,  namely  the  time  and  spatially 
resolved  detection  of  reflected  THz  pulses  which  permits  the  three-dimensional  tomographic  THz  analysis  of  the  internal 
structure  of  objects.  A  new  THz-tomography  setup  is  presented,  which  permits  incidence-angle  dependent  analysis.  It  will 
be  demonstrated,  how  the  angle  of  incidence  of  the  THz  pulses  has  a  significant  influence  on  the  observability  of  the 
internal  structure  of  the  sample  under  study.  This  dependencies  can  be  exploited,  especially  in  Brewster-angle 
configurations,  to  enhance  the  capabilities  of  THz  tomography  systems. 

The  characterization  capabilities  of  the  developed  THz  tomography  setup  are  demonstrated  on  multilayered  ceramic  oxide 
structures  used  for  solid  oxide  fuel  cells  (SOFC).  These  investigations  include  the  development  of  different  methods  for 
measuring  unknown  refractive  indices  of  the  analyzed  materials,  as  well  as  the  THz  characterization  of  complete  SOFC 
samples  under  orthogonal  and  Brewster-angle  incidence.  In  the  following,  we  will  first  briefly  introduce  the  investigated 
SOFC  samples.  The  next  part  describes  the  employed  THz  tomography  system  and  the  following  sections  summarize  the 
THz  imaging  characterization  experiments  on  the  SOFC  samples.  The  last  section  presents  briefly  the  employed  data 
analysis  algorithms. 


2.  SOLID  OXIDE  FUEL  CELLS 

Fuel  cells  represent  a  very  promising  clean  and  efficient  power  generation  technology  with  an  enormous  application 
potential.  Despite  of  many  advantages,  current  approaches  are  in  many  cases  not  yet  capable  of  competing  with  established 
technologies  mainly  due  to  cost  and  reliability  related  problems.  The  necessary  further  development  of  reliable  and  cost 
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efficient  manufacturing  technologies  is  closely  related  to  the  development  of  powerful,  flexible  and  nondestructive 
characterization  systems  for  quality  control  and  online  monitoring  of  manufacturing  processes.  We  will  demonstrate  how 
time  resolved  THz  tomography  allows  to  characterize  fuel  cell  structures,  in  order  to  support  the  breakthrough  of  these 
attractive  technologies. 


HO  H. 

Fig.  1:  Schematical  cross-section  of  a  solid  oxide  fuel  cell  embedded  between  two  bipolar  metallic  plates.  Several  of  such 
layered  units  can  be  stacked  together  to  form  larger  power  generation  units 

The  analyzed  fuel  cells  are  SOFC,  a  very  efficient  kind  of  high-temperature  fuel  cells,  intended  for  power  plant  applications 
[9,10].  These  layered  systems  of  ceramic  oxides  and  metals,  can  nevertheless  hardly  be  characterized  by  conventional 
means.  A  typical  SOFC  consists  of  a  three  layer  system  like  shown  in  the  cross-section  in  Fig  1:  a  porous  cathode  and  a 
porous  anode  to  guarantee  the  supply  of  the  reaction  gases,  and  a  gas  impermeable  electrolyte.  The  diffusion  of  the  ionized 
reaction  gases  then  leads  to  an  electrolytic  reaction,  which  produces  electrical  voltage  and  power,  and  excess  heat.  The 
single  cells  are  separated  by  bipolar  plates  through  which  the  gases  for  each  cell  are  supplied.  Cells  typically  induce 
voltages  of  only  1  V  at  a  working  temperature  of  800°C.  Several  of  these  layered  cells  are  therefore  stacked  together  into 
power  generation  units.  The  samples  under  investigation  are  either  single  layer  or  complete  three  layer  SOFC  elements  [9]. 
They  are  all  manufactured  by  the  group  of  Dr.  R.  Henne  at  the  Institut  jUr  Technische  Thermodynamik  of  the  DLR  in 
Stuttgart,  Germany. 


3.  TERAHERTZ  TOMOGRAPHY 

THz  tomography  systems  are  based  on  the  time  resolved  measurement  of  THz  pulses  that  are  reflected  from  a  sample  [5]. 
Hence,  like  in  a  time  of  flight  experiment,  time  delays  of  THz  reflections  at  interfaces  correlate  with  the  depth  from  which 
the  reflections  originate.  If  the  propagation  constants  of  the  THz  pulse,  i.e.  if  the  refractive  index  profile  is  known  one  can 
thus  measure  the  vertical  profile  of  a  sample.  The  spatial  resolution  along  the  two  lateral  dimensions  can  then  either  be 
achieved  by  using  a  focused  THz  pulse  and  sequentially  measuring  reflected  signals  at  different  positions  by  scanning  the 
object  within  the  focal  plane  of  the  THz  tomography  system  [7],  or  by  measuring  in  parallel  the  reflection  of  a  broadened 
parallel  THz  beam  [3,4].  Since  the  second  approach  is  by  far  more  demanding  in  terms  of  the  necessary  incident  THz  power 
levels,  we  adopt  the  first  approach  for  our  analysis. 
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Fig  2.: 


Two  complementary  setups  for  THz  tomography.  The  spatial  resolution  is  achieved  by  moving  the  sample  in  the 
focal  plane  of  the  THz  imaging  system.  The  setup  on  the  left  allows  to  vary  the  angle  of  incidence  of  the  THz 
radiation.  The  setup  on  the  right  side  is  especially  designed  for  the  examination  of  samples  under  normal  incidence. 
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The  employed  experimental  setups  are  depicted  in  Fig.  2.  Femtosecond  laser  pulses  from  a  connmercial  Ti:sapphire  laser 
system  are  both  used  to  generate  THz  pulses  and  to  detect  them  by  gating  a  photoconductive  THz  antenna.  The  THz  pulses 
are  focused  on  the  sample  and  the  reflected  radiation  onto  the  detection  antenna  with  parabolic  metallic  mirrors.  The 
analyzed  object  is  moved  in  the  focal  plane  of  the  setup  to  warrant  the  lateral  resolution  of  the  sample.  The  temporal 
evolution  of  the  reflected  signal  is  scanned  with  a  fast  shaker  system.  An  AIXScan®  data  acquisition  system  (40  MHz 
sampling  rate)  allows  the  rapid  acquisition  of  complete  THz  transients.  Integrated  digital  signal  processors  (DSP)  permit  the 
online  automated  analysis  of  the  measured  data. 

The  setup  schematically  represented  on  the  left  side  of  Fig.  2  allows  for  the  first  time  the  THz  tomographic  analysis  under 
the  variation  of  the  angle  of  incidence  of  the  THz  pulses.  With  this  setup  it  is  however  not  possible  to  ^alyze  samples  under 
exact  normal  incidence,  as  the  size  of  the  employed  mirrors  restricts  the  minimal  angle  between  incident  and  reflected 
beams.  Therefore  a  new  THz  tomography  approach  is  presented,  which  is  shown  on  the  right  side  of  Fig.  2.  By  utilizing  a 
pair  of  polarizing  beamsplitters  it  is  now  possible  to  analyze  samples  under  precise  normal  incidence.  This  new  approach, 
while  frequently  used  in  far-infrared  Fourier  Transform  Spectroscopy  [11],  has  not  been  applied  for  time-resolved  THz 
spectroscopy  experiments  previously. 

1.  Characterization  of  single  layer  perovskite  samples 

A  necessary  step  before  being  able  to  interpret  THz-tomographic  images  is  the  determination  of  the  refi'active  index  n,  or 
the  refractive  index  profile  n(z),  of  the  analyzed  samples.  This  is  of  special  importance,  as  for  most  material  systems,  the 
properties  in  the  THz  frequency  regime  are  unknown.  For  the  analyzed  ceramic  material  systems,  we  find  that  the  usual 
calculation  of  the  refractive  index  from  reflection  coefficients,  e.g.  R  =  (ni-n2)  /  (ni+n2),  docs  not  yield  reliable  results.  This 
approach  is  problematic  since  long  time  fluctuations  of  the  laser  system,  or  the  surface  and  interface  textures  of  the  sample 
may  affect  the  detected  reflection  amplitudes.  In  addition,  unknown  absorption  coefficients  of  the  involved  materials  also 
considerably  influence  measured  amplitudes.  A  reliable  determination  of  the  refractive  coefficient  profile  is  therefore 
problematic. 


y-  coordinate  y-  coordinate 

Fig  3.:  Scheme  of  the  refractive  index  measurements.  The  left  figure  depicts  the  cross-section  of  a  layered  sample  polished 
at  a  defined  sample,  the  right  figure  depicts  the  time  delay  (i.e.  the  optical  thickness)  the  THz  pulse  experiences. 
The  refractive  index  can  thus  easily  be  calculated  from  the  ratio  of  the  slopes  of  the  polishing  angle  and  the  delay 
time  slope  of  the  backside  reflex  in  the  transition  region. 

An  alternative  to  comparing  THz  reflection  amplitudes  for  determination  of  the  refractive  index  of  a  sample,  is  the 
measurement  of  the  time  delay  of  THz  reflections  in  a  sample  with  a  well  known  geometry,  e.g.  a  sample  with  a  well  known 
layer  thickness.  As  in  many  cases  dimensions  are  not  precisely  known,  we  developed  a  new  approach  to  measure  refractive 
indices,  which  can  readily  be  applied  to  layered  structures.  The  basic  idea  is  to  polish  a  sample  under  a  small  angle,  as 
depicted  in  Fig.  3.  The  left  part  of  the  figure  depicts  a  schematical  cross-section  of  a  single  layer  sample  that  was  polished  at 
a  small  angle  from  top  to  bottom.  The  right  part  of  the  figure  depicts  the  corresponding  time  delay  at  which  reflections  of 
the  different  interfaces  appear.  THz  pulses  are  assumed  to  be  incident  from  the  top  of  the  figure.  As  THz  pulses  that  are 
reflected  from  the  front  surface  exclusively  propagate  through  air  (n=7),  the  detected  time  delay  exactly  reproduces  the 
shape  of  the  surface.  However,  if  THz  pulses  are  transmitted  through  a  layer,  its  velocity  becomes  slower  due  to  the  higher 
refractive  index  of  the  layer.  It  therefore  needs  a  longer  time  to  traverse  this  layer,  and  the  layer  thus  appears  thicker  in  time 
domain.  Due  to  simple  continuity  considerations,  this  leads  automatically  to  a  transition  region  where  the  thickness  of  the 
layer  increases.  In  that  region  the  different  slope  of  the  backside  reflex  is  given  by  the  refractive  index.  It  is  clear  that  n  can 
then  be  determined  from  the  ratio  of  the  slope  in  the  transition  region  divided  by  the  one  of  the  front  reflection.  Since  no 
further  assumptions  have  to  be  made,  this  method  for  determining  refractive  indices  is  less  problematic  than  previous 
approaches. 
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Fig  4.:  The  left  part  of  the  figure  depicts  a  THz  line  scan  of  a  single  layer  perovskite  sample.  Individual  THz  transients  are 
taken  on  a  line  across  the  polished  interface  region  (y-coordinate),  as  sketched  in  Fig.  \ref{sketchslope}.  The  gray 
scale  indicates  the  reflected  THz  field  amplitudes  at  the  respective  time  delay.  The  right  figure  depicts  the 
refractive  index  extracted  from  several  of  such  line  scans  at  different  positions  along  the  interface. 

Figure  4  demonstrates  experimental  data  of  such  a  measurement  of  the  refractive  index.  The  sample  is  an  yttria  stabilized 
zirconia  film  (YSZ)  plasma — sprayed  onto  a  metallic  Ni/Zr02  anode.  The  sample  is  polished  as  described  before.  A  THz  line 
scan  is  taken  across  the  polished  interface  region  and  the  amplitude  of  each  THz  transient  at  any  time  delay  taken  at  each  y- 
position  is  depicted  on  a  gray  scale  map.  The  measured  peak  positions  (light  areas)  clearly  resemble  the  expected  positions 
for  the  interfaces,  as  depicted  already  in  Fig.  4.  In  the  region  where  the  thickness  of  the  layer  is  constant,  the  lines  of  the 
back-  and  front  side  reflections  are  parallel.  In  the  transition  region  where  the  layer  thickness  increases  the  slope  of  the  back 
reflection  is  steeper.  The  ratio  of  both  slopes  allows  to  determine  the  refractive  index  of  the  zirconia  layer.  Similar  line  scans 
are  measured  at  several  positions  along  the  interface  and  the  respective  refractive  indices  are  also  calculated.  These  values 
are  depicted  in  the  right  part  of  Fig.  4.  The  5%  variation  of  the  determined  values  is  at  least  partially  due  to  real  variations  of 
the  refractive  index,  given  by  an  inhomogeneous  porosity  of  the  zirconia  layer. 


X-axis  (mm) 


Fig.  5:  THz  tomographic  measurement  of  the  spatially  resolved  thickness  of  a  YSZ  layer.  The  concentric  thickness 
variation  seems  to  indicate  a  temperature  gradient  in  the  substrate  during  the  plasma  spraying  of  the  layer. 

The  determined  refractive  index  has  approximately  a  value  of  3.6.  Taking  this  value  one  can  now  readily  characterize  and 
e.g.  determine  the  thickness  distribution  of  samples  with  such  zirconia  layers.  Such  a  measurement  for  a  complete 
(unpolished)  layer  of  zirconia  on  a  metallic  substrate  is  presented  in  Fig.  5.  The  figure  depicts  a  spatially  resolved  map  of 
the  thickness  of  the  YSZ  layer.  One  can  clearly  see  the  strong  variation  of  the  layer  thickness.  The  observed  concentric 
structure  is  probably  caused  by  a  temperature  gradient  during  the  deposition  of  this  layer.  This  measurement  hence 
exemplifies,  how  THz  tomography  can  aid  the  manufacturing  process  of  this  type  of  materials  for  SOFC  applications. 
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2.  Characterization  of  multi-layer  solid  oxide  fuel  cells 


A  complete  sample  consisting  of  three  ceramic  layers  on  a  metal  substrate  is  now  analyzed  with  the  THz  tomography  setup. 
The  anode,  electrolyte  and  cathode  consist  respectively  of  MZr2-cermet,  yttria  stabilized  zirconia  and  ^Sr-perovskite 
layers.  The  metallic  substrate  is  CrFeSY^OsL  The  sample  is  again  polished  at  a  small  angle  of  approximately  1.5°  to 
determine  the  refractive  indices  of  the  three  layers.  In  order  to  obtain  the  best  possible  spatial  resolution  we  measure  first  the 
SOFC  under  normal  incidence  with  the  setup  depicted  in  the  right  part  of  Fig.  2.  Like  before,  line  scans  of  THz  transients 
across  the  polished  section  are  taken.  Such  a  line  scan  is  represented  in  Fig  6. 
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Fig.  6:  THz  line  scan  of  the  three  layer  SOFC  structure,  taken  under  normal  incidence  to  optimize  spatial  resolution.  Only 
reflections  at  the  front  interface  can  be  observed. 

Reflections  from  the  sample  surface  (at  delay  times  around  0  ps)  as  well  as  from  the  surrounding  sample  mounting  (at 
=  10  ps)  can  clearly  be  detected.  The  slope  on  the  right  side  of  the  front  reflection  indicates  the  polishing  ^gle.  However  no 
reflections  from  the  interface  layers  are  visible.  The  only  slight  additional  THz  amplitude  fluctuations  visible  in  Fig.  6  are 
artifacts  (ghost  images  of  the  front  reflex)  related  to  residual  water  absorption  and  internal  reflections  of  the  THz  source. 
The  absence  of  any  reflections  from  internal  layer  interfaces  is  mainly  due  to  the  extremely  strong  reflection  at  the  surface. 
Only  a  small  part  of  the  THz  pulse  is  coupled  into  the  sample,  and  hence  the  small  reflections  from  the  interfaces  are 
overshadowed  by  the  measurement  artifacts. 

To  decrease  the  surface  reflection  and  therefore  increase  the  coupling  of  the  THz  pulse  into  the  sample,  we  therefore  adopt  a 
different  reflection  geometry.  We  vary  the  angle  of  incidence  and  evidently,  when  the  incidence  angle  matches  the  Brewster 
angle  of  the  front  surface,  the  sensitivity  of  the  detection  of  internal  structures  increases  drastically.  A  measureinent  at  the 
Brewster  angle  is  presented  in  Fig.  7.  As  expected,  reflections  from  the  backside  of  all  layers  can  now  easily  be  identified, 
despite  of  the  still  present  artifacts  of  the  measurement.  Comparing  this  measurement  to  the  one  before  demonstrates  how 
the  angle  of  incidence  of  a  THz  imaging  system  has  a  significant  influence  on  measured  signals  and  that  such  dependencies 
can  be  exploited  to  enhance  the  capabilities  of  any  THz  tomography  system  to  selectively  detect  specific  structures  of  the 
analyzed  objects. 

From  Fig.  7  one  can  also  already  see,  that  the  refractive  indices  of  layer  2  and  3  do  not  differ  too  much.  This  is  evident  from 
the  similar  slopes  of  the  back  reflection  in  the  transition  regions  of  this  layers.  The  small  refractive  index  change  therefore 
explains  the  difficulty  in  detecting  the  respective  interface.  The  main  reason  which  prevented  to  discern  the  internal 
structure  are  nevertheless  still  the  ghost  artifacts.  Therefore  an  adaptive  filter  was  applied  to  be  able  to  identify  only  that 
features  from  the  measurement  that  are  of  further  interest.  In  this  case  that  are  only  the  maximum  peaks  of  the  reflexes  of 
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Fig.  7:  THz  tomographic  line  scan  of  the  three  layer  SOFC  structure  taken  at  a  Brewster-angle.  This  configuration 
minimizes  front  interface  reflections  and  hence  increase  the  incoupled  part  of  the  THz  radiation.  The  reflection 
from  the  back  side  of  all  three  layers  are  now  readily  observable. 

the  surface  and  the  background  layer.  A  comparison  of  a  peak  detection  applied  on  the  pure  measurement  data  and  the 
filtered  data  is  shown  in  Fig.  8. 


Fig.  8:  Comparison  of  different  data  extraction  algorithms.  The  left  side  shows  a  standard  peak  detection  of  the  measured 
Hata  The  right  side  shows  the  analysis  after  adaptive  filtering  in  order  to  extract  only  the  reflex  from  the  surface 
and  from  the  backside. 

From  that  filtered  data  the  respective  slopes  can  be  extracted  which  lead  to  the  refractive  indices  of  each  layer.  This 
application  demonstrates  thus  the  capability  of  THz  tomography  as  a  powerful  tool  for  nondestructive  characterization  of 
multilayered  systems. 


4.  SUMMARY 

A  time-resolved  THz  imaging  system  for  three-dimensional  tomographic  analysis  of  layered  structures  was  presented.  The 
developed  system  was  demonstrated  on  multi-layer  ceramic  samples  used  for  high  temperature  solid  oxide  foel  ceUs 
(SOFC).  Various  means  for  measuring  unknown  refractive  indices  are  discussed  and  it  is  shown  that  the  angle  of  incidence 
of  a  THz  imaging  system  has  a  significant  influence  on  measured  signals.  Especially  in  Brewster-angle  configurations  this 
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can  be  exploited  to  enhance  the  capabilities  of  any  THz  tomography  system.  The  importance  of  numerical  postprocessing  of 
the  measured  data  is  exemplified  and  discussed. 
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ABSTRACT 

In  the  context  of  very  high  frequency  components,  where  quantum  well  devices  have  already  shown  promise,  we  report,  in 
this  commimication,  on  the  optimisation,  realisation  and  characterisation  of  GaAs  and  InP-based  resonant  turmelling  diodes. 
A  fully  planar  technology  has  been  achieved  for  a  GaAs  triple-well  structure,  with  the  use  of  ion  implantation  techniques, 
whereas  mesa-etched  technology  together  with  airbridge  integration  have  been  used  for  the  InP-based  devices.  In  terms  of 
performance,  both  material  systems  have  shown  excellent  DC  characteristics  with  a  current  density  of  60  kA/cm^  associated 
with  a  current  contrast  of  6:1  for  the  GaAs-based  RTD.  An  even  higher  current  density  has  been  achieved  for  the  InP-based 
devices  with  215  kA/cm^  while  still  preserving  a  peak-to  valley  current  ratio  of  9 : 1 .  In  addition,  1  pm^-area  InP-based  RTD's 
have  been  found  to  be  unconditionally  stable  without  the  necessity  of  a  stabilising  network.  These  anticipated  properties  for 
very  small  area  devices,  which  meet  the  stability  criteria,  enables  us  to  perform  small  signal  characterisation  over  the  whole 
range  of  the  negative  differential  resistance  region.  Analysis  of  the  measured  scattering  parameters  up  to  50  GHz  shows  an 
increase  in  the  capacitance-voltage  characteristics. 


1.  INTRODUCTION 

Resonant  tunnelling  diodes  have  now  shown  promise  at  submillimeter  wavelengths  with  the  recent  achievements  of  28  pW 
at  300  GHz  and  in  excess  of  10  pW  at  650  GHz  by  the  Jet  Propulsion  Laboratory  (JPL)  '.  One  of  the  major  concerns  in 
coimection  with  the  use  of  such  quantum  well  devices  at  very  high  frequency  is  the  ciurent  capability  of  the  devices  which 
appears  as  a  key  figure  of  merit  of  the  cut-off  frequency  and  hence  in  the  overall  performance  In  this  commimication, 
we  show  how  the  electrical  properties  of  resonant  turmelling  diodes  can  be  optimised  while  maintaining  a  high  peak-to- 
valley  current  ratio.  In  practice  both  GaAs  and  the  InP-based  technologies  will  be  considered.  For  the  former,  the  basic  idea 
was  to  take  advantage  of  a  Double  Barrier  Heterostmcture  (DBH)  with  a  pre-well  and  post-well  configuration.  By  this 
means,  high  conduction  band  offset  can  be  preserved  in  the  vicinity  of  the  DBH  and  resonant  tunnelling  transitions  between 
systems  of  the  same  dimensionality  can  be  achieved.  Also  from  the  technological  side,  the  active  region  of  the  devices  can 
be  defined  by  means  of  ion  implantation  techniques.  For  the  latter,  the  main  advantage  stems  from  the  low  effective  mass  of 
cladding  layers  with  the  associated  benefits  of  a  high  quantum  transparency  of  the  DBH  and  very  favourable  transport 
properties.  In  contrast,  the  fabrication  of  the  devices  involves  mesa  etched  stractures  which  can  be  difficult  at  submicron 
dimensions.  On  the  basis  of  these  concepts,  two  kinds  of  structure  have  been  grown  by  Gas  Source  Molecular  Beam 
Epitaxy  and  fabricated  with  e-beam  patterning,  reactive  ion  etching  and  air  bridge  contacting  techniques.  For  the  resonant 
tunnelling  diodes  grown  on  Semi-Insulating  substrates,  ion  implantation  was  performed  with  Boron  (10  cm'^,  110  kV). 

The  devices  exhibit  a  ciurent  contrast  of  6:1  together  with  a  current  density  of  60  kA/cm^.  For  the  InP  based  material 
system,  a  much  higher  current  density  was  achieved  with  215  kA/cm^  whereas  a  peak-to  valley  current  ratio  of  9:1  was 
preserved.  In  contrast  to  the  excellent  performance  which  are  state-of-the  art  results,  the  technological  procedures  are  very 
critical  and  do  not  seem  easily  extended  to  a  monolithic  integration  of  devices  in  arrays.  On  the  other  hand  the  devices 
fabricated  with  Ipm^  area  are  found  unconditionally  stable  without  the  use  of  a  stabilising  network.  These  properties  were 
expected  for  very  small  area  devices,  thus  meeting  the  stability  criteria,  enabling  us  to  perform  small  signal  characterisation 
over  the  whole  range  of  the  negative  differential  resistance  region.  Analysis  of  the  measiued  scattering  parameters  up  to  50 
GHz  demonstrates  an  increase  in  the  capacitance-voltage  characteristics  resulting  from  trapping  of  carriers  within  the 
quantum  well. 
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The  next  section  deals  with  the  numerical  procedure  which  was  used  for  predicting  the  electrical  characteristics.  The 
devices  fabricated  using  a  GaAs-based  and  InP  based  technology  will  be  considered  in  section  3.  Section  4  is  devoted  to  the 
rf  assessment  of  the  devices  while  concluding  remarks  are  given  in  section  5; 

2.  NUMERICAL  PROCEDURE  FOR  I-V  COMPUTATION 

The  fabrication  of  high  performance  Resonant  Tunnelling  Diodes  is  a  formidable  task  due  the  very  challenging  issues 
'*■*  not  only  from  the  epitaxial  growth  side  but  also  during  the  fabrication  of  the  device.  In  order  to  minumse  the  risk  and 
also  the  cost,  it  is  preferable,  prior  to  any  fabrication  batch,  to  predict  as  accurately  as  possible,  the  expected  current-voltage 
characteristics  and  to  investigate  the  impact  of  a  change  in  the  device  configuration  and/or  material  parameters.  To  this  aim, 
we  have  developed,  at  lEMN,  a  simulation  code  of  the  electrical  characteristics  of  Heterostructures  devices  which  has  been 
applied  successfully  to  resonant  Tunnelling  Diodes  in  the  framework  of  this  work.  The  inputs  are  the  microstracture 
parameters  in  terms  of  thickness  and  doping  concentration  along  the  operating  conditions  notably  applied  voltage  and 
device  temperature.  The  outcomes  of  this  are  the  capacitance-voltage  characteristics  and  current-voltage  relationship. 

In  practice  a  real  stmcture  consists  of  a  Double  Barrier  Heterostracture  (DBH's)  sandwiched  between  two  contact  layers; 
which  acts  as  electron  reservoirs.  In  addition,  these  contacting  layer  are  generally  modulation  doped  with  a  High-low  (and 
reciprocally)  doping  concentration.  The  purpose  of  such  doping  concentration  is  to  meet  the  requirement  of  a  highly  doped 
region  for  low  contact  resistance  and  of  a  moderate  doped  region  to  minimise  the  diode  capacitance  or  to  preserve  an 
injection  region  which  is  moderately  degenerated.  As  a  consequence,  hke  in  any  modulation  doped  device,  a  diffusion 
process  takes  place  yielding  a  subsequent  band  bending  in  the  emitter  and  collector  regions.  Besides  this,  electrons 
accumulates  in  front  of  the  DBH  and  form  a  quasi  triangular  electrostatic  potential  well  by  space  charge  effects,  resulting  in 
quantum  size  effects  even  for  generic  structures.  The  quantum  region  is  un-doped  but  carriers  can  be  also  accumulated  in 
the  central  quantum  well  which  is  fed  by  the  tunnelling  current.  The  description  of  these  space  charge  effects  is  of  prime 
importance  to  have  a  deep  insight  into  resonance  conditions.  The  outcome  is  thus  the  peak  voltage  corresponding  to  the 
onset  of  negative  differential  conductance  (NDC)  effects.  Another  key  figure  of  merit  is  the  voltage  range  over  which  NDC 
effects  are  seen.  This  voltage  influence  greatly  the  stability  of  the  devices,  as  pointed  out  in  the  following  and  the  output 
power  which  could  be  delivered  by  the  devices  used  solid  state  sources.  Simplified  theories  predict  a  sharp  decrease  of  the 
current  values  when  the  device  is  driven  in  NDC  region.  In  practice  however,  the  fact  that  the  structures  includes  cladding 
layer  means  that  the  voltage  across  the  diodes  is  a  result  of  a  voltage  drop  across  the  DBH  itself  and  the  depleted  region 
resulting  in  much  broader  voltage  range,  a  welcome  feature  both  from  the  stability  and  power  limitation  points  of  view. 

Another  criterion  of  major  concern  is  the  current  density  flowing  through  the  structure.  This  current  density  is  a  direct 
consequence  of  the  quantum  transmission  probabilities  for  any  energy  value  available  for  electrons.  This  is  one  of  the  main 
difference  with  respect  to  other  quantum  closed  system  in  the  sense  that  the  openness  of  the  stmcture  implies  not  only  to 
determine  the  resonant  energy  but  also  the  whole  transmission  spectrum.  The  input  data  influences  greatly  the 
transmission  probabilities  since  an  exponential  relationship  can  be  foimd  as  a  function  of  barrier  thickness,  effective  mass 
and  injection  energy  This  great  sensitivity  is  one  of  the  main  limitation  encountered  in  practice  where  an  inevitable 
dispersion  can  be  foreseen  notably  when  the  barriers  are  grown  on  the  nanometer  scale.  Also,  it  is  problematic  to  use 
without  ambiguity  a  conduction  band  edge  effective  mass.  This  parameter  is  a  bulk  figure  and  we  make  use  of  ultra  thin 
layers  and  also  electrons  are  tunnelling  deep  in  the  forbidden  gap  of  wide  gap  materials.  Despite  these  uncertainties,  the 
calculations  permits  one  to  have  a  reasonably  clear  understanding  of  the  electrical  characteristics  involved  except 
perhaps  the  peak-to  valley  current  ratio.  In  fact,  it  was  early  recognised  that  a  degradation  of  current  contrast  (peak-to- 
valley  ratio)  is  a  consequence  of  scattering  assisted  phenomena  which  are  difficult  to  deal  with  a  reverse-engineering 
approach.  Having  these  assumptions  in  mind,  the  numerical  procedme  consists  to  first  solve  the  Poisson  equation  in  the 
zero  current  Thomas  Fermi  approximation.  The  Poisson  equation  reads: 

£  =  -q(NMz)  -N  A  (z)  +  P(z)  -  n(z))  (1) 
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A  discretized  form  of  this  equation  is  solved  using  a  variable  spatial  discretization  mesh  depending  on  doping  concentration 
and  mobile  charge.  This  allows  us  to  treat  simultaneously  wide  regions  such  as  cladding  layers  as  well  as  potential 
perturbations  on  the  mono-layer  scale.  As  boundary  conditions,  we  use  Dirichlet  conditions  on  both  sides  in  the  emitter  and 
collector  regions  which  are  considered  as  discussed  above  at  equilibrium  (Thomas-Femu  approach).  The  calculation 
procedure  makes  use  of  an  (over)relaxation  method  to  accelerate  convergence. 

Starting  from  the  conduction  band  profile  calculated  under  these  conditions,  we  subsequently  computed  the  eigenstates  by 
solving  the  Schrodinger  equation  in  the  mono-electron  and  effective  mass  approximations. 


df  1  8 

2  dz  ^me(z)  ^ 


(p(z)  +V(z)(p(z)  =  E2(p(z) 


(2) 


At  this  stage  to  have  further  insight  into  the  real  band  bending,  the  local  earner  density  can  be  computed  accurately  by 
assuming  that  the  overall  density  n(z)  is  given  by  the  superposition  of  a  two  dimensional  electron  density  (n2D)  and  of  a 
three-dimensional  carrier  density  (njo).  Both  contributions  can  be  computed  according  to  the  relevant  2D  and  3D-  densities 
of  states  using  the  following  relations: 


n(z)  =  n2D(z)  +  ii3D(z)  with 


m  kT_  1.  ^Ep  -Ej 


and 


W\ 


i(z)r 


°3d(z)  =  TT 

2.7C 


“  E-Ec(z) 

\  - ;r^-^dE 


l  +  exp( 


E-Ef 

kT 


for  E  <  Ej, 


for  E  ^  Et, 


(3) 


where  E|,  is  the  threshold  energy  between  2D  and  3  D  densities  of  states 

The  numerical  procedure  can  be  carried  out  until  convergence  is  reached.  In  a  final  step,  once  the  potential  profile  and 
carrier  concentrations  are  known,  capacitance  and  current  density  can  be  computed.  For  the  former,  it  is  defined  as  the 
accumulated  carrier  density  variation  as  a  function  of  bias  voltage  (equivalent  to  the  depleted  charge  density  owing  to 
electroneutrality  conditons) : 


C(V)  =  q 


gns(V) 

5V 


(4) 


whereas  the  current  density  reads: 


J(V)  =  Jt(E,  V)F(E,  V)dE 

with 

F(E,V)  =  lnI 


1  +  exp((EF  -  E)  / kgT) 


1  +  exp((EF  -  qV  -  E)  /  ksTy 


(5) 


T(E,V)  is  the  global  transmission  from  the  emitter  to  the  collector  which  can  be  computed  from  die  wavefunction  in 
the  collector  and  emitter  regions  respectively.  F(E,V)  is  the  so-called  supply  function  which  describes  the  balance  between 
emitter  and  collector  carrier  streams.  Let  us  mention  that  this  approach  has  the  advantage  to  include  both  tuimeling  and 
thermionic  current  contributions 


328 


3.  DESIGN  OF  fflGH  PERFORMANCE  RTD's 

In  the  following,  we  will  draw  a  contrast  between  the  GaAs-based  material  system  from  the  InP  based  technology 
3.1  GaAs  Based  technology 

Let  us  firstly  consider  Figure  1  which  shows  the  growth  sequence  of  a  GaAs  Resonant  Tuimelling  Device  starting  from  a 
GaAs  Semi-Insulating  substrate.  The  active  region  consists  of  a  central  well  grown  with  a  tri-layered  scheme.  An  InGaAs 
layer  was  grown  in  order  to  increase  the  energy  shift  between  ground  state  and  first  excited  states.  This  band  gap 
engineering  can  be  understood  on  the  basis  of  simple  considerations.  Indeed,  any  narrow  gap  potential  perturbation  will 
mainly  influence  the  ground  state  which  exhibits  a  maximiun  in  the  probability  density  at  the  centre  of  the  well  .  In 
contrast,  provided  the  perturbation  is  localized,  its  impact  on  the  first  excited  state  will  be  of  second  order.  In  addition,  the 
fact  to  introduce  a  confinement  in  a  low  effective  mass  region  (InGaAs)  is  favourable  for  a  large  offset  between  successive 
index  eigenstates.  In  terms  of  cmrent  -voltage  characteristics,  this  means  that  the  spurious  conduction  via  the  second  excited 
state  will  be  rejected  at  higher  energies  with  respect  to  the  main  tunnelling  phenomena,  resulting  in  an  increase  in  current 
contrast. 
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Figure  1  Epitaxial  sequence  for  the  devices  fabricated  from  GaAs  based  materials  systems 


Turning  now  to  the  cladding  layer  one  can  note  that  the  DBH  is  sandwiched  between  two  InGaAs  quantum  wells.  The  goal 
of  such  engineering  is  twofold:  (i)  the  first  motivation  was  to  induce  tunnelling  transitions  between  systems  of  the  same 
dimensionality  eg.  2D-systenis  (ii)  the  pre-well  plays  the  role  of  an  injector  and  one  can  expect  higher  tunnelling 
probabilities  due  to  the  lower  effective  mass.  In  order  to  illustrate  such  a  band  gap  engineering  with  a  quantitative 
determination  of  electrical  characteristics,  we  plotted  in  Figure  2  the  conduction  band  profile,  whereas  Figure  3  depicts  the 
current-voltage  characteristics  calculated  at  room  temperature. 


Figure  2:  Calculated  conduction  band  profile  (GaAs-based)  Figure  3  Calculated  current-voltage  characteristics 
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For  the  sample  under  investigation,  the  barriers  thickness  is  1 . 7  nm,  the  InGaAs  quantum  wells  are  5run  wide  for  an  Indium 
concentration  of  30  %.  This  Indium  content  was  chosen  to  satisfy  some  requirements  in  the  pseudomorphic  growth  of 
epilayers  and  to  obtain  a  significant  impact  of  quantum  size  effects  induced  by  the  InGaAs  quantum  wells.  The  expected 
current  density  is  60  kA/cm2  for  a  peak  voltage  of  SOOmV.  Such  a  relatively  high  current  density  can  be  explained  by  the 
rather  high  doping  concentration  in  the  cladding  layer  (1x10  cm‘^)  and  the  barrier  thickness  limited  to  1.7nm.  Besides  the 

capping  and  buried  contact  layers  were  doped  to  2x  10  cm'^  for  optimising  the  contact  resistance. 

Let  us  now  consider  the  device  fabrication,  and  first  of  all  some  of  the  guides  lines  for  fabricating  devices  intended  to 
operate  at  millimetre  and  submillimetre  wavelengths.  One  of  the  first  criteron  is  to  fabricate  small  area  device  for  the 
achievement  of  a  low  capacitance.  Also  the  lateral  dimension  has  to  be  shrunk  in  order  to  limit  the  current  flowing  through 
the  active  region  and  hence  the  spurious  increase  in  heterostracture  temperature.  Indeed,  a  too  high  local  temperature  is 
deleterious  and  yields  a  burnout  of  the  devices.  In  addition,  the  devices  have  to  be  planarly  integrated  for  subsequent  use  in 
a  low  parasitic  environment.  Generally  speaking,  such  a  requirement  is  met  by  developing  an  air  bridge  technology  which 
will  be  discussed  later.  However,  in  the  present  case  the  use  of  a  GaAs  technology  pemuts  one  to  implement  a  fully  planar 
approach  making  use  of  ion  implantation.  Towards  this  goal,  preliminary  Computer  Aided  Design  (T-CAD)  was  carried 
out,  m  a  first  stage,  to  determine  the  various  doses  and  expected  depth.  The  critical  step  was  the  definition  of  the  active 
region  by  avoiding  'open  circuit'  effects  in  the  buried  conductive  GaAs  layer.  After  a  parametric  study,  it  was  decided  to 
implant  with  Boron  species  with  the  following  parameters  (10  cm  \  110  kV).  By  this  means  we  successfully  fabricated 
the  devices  which  exhibited  the  typical  current-voltage  characteristics  displayed  in  Figure  4.  The  measured  current  density 
at  peak  voltage  (  SOOmV)  was  found  to  be  60  kA/cm2  for  a  peak-to  valley  ration  of  6:1  which  are  state-of-the  art  results  for 
the  considered  material  system. 


Figure4  Current-voltage  characteristics  for  RTD's  fabricated  in  a  GaAs  technology  by  ion  implantation 
3.2  InP-based  technology 

Figure  5  shows  the  epitaxial  material,  starting  from  a  Semi-Insulating  InP  substrate  by  using  a  Gas  Source  Molecular  Beam 
Epitaxy  (GSMBE).  All  the  epilayers  were  lattice  matched  to  InP  except  a  central  potential  InAs  perturbation.  The  latter  is 
highly  strained  and  has  to  be  grown  under  pseudomorphic  conditions. 
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Figme  5  growth  sequence  for  the  InP-based  devices 
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The  basic  idea  of  such  a  band  gap  engineering  is  similar  to  that  previously  described  namely  the  fact  that  a  central  narrow 
gap  inserted  in  the  middle  of  the  Double  barrier  heterostructure  which  lowers  the  ground  state  while  the  first  excited  state  is 
unaffected  by  this  perturbation.  In  case  of  highly  degenerated  layer  on  each  side  of  the  DBH,  the  anti-crossing  between  the 
emitter  Fermi  level  and  the  ground  sate,  which  corresponds  to  onset  of  strong  conduction.  This  takes  place  close  to 
equilibrium  conditions.  Therefore  any  imbalance  between  the  current  from  emitter  to  collector  and  vice  versa  yields  a  huge 
increase  in  current  density.  At  increasing  voltage,  the  current  increase  in  a  quasi  linear  fashion  as  a  consequence  of  the 
linear  energy  dependence  of  supply  function,  up  to  the  peak  voltage  where  a  dramatic  decrease  in  current  value  is  observed. 
Such  a  extremely  non  linear  behaviour  can  be  calculated  by  means  of  the  theoretical  approach,  depicted  in  section  2.  Figure 
6  shows  the  results  of  such  a  calculation,  performed  taking  the  parameters  listed  in  Figure  5.  The  calculated  threshold 
voltage  for  NDC  is  0.  25  V  for  a  peak  current  density  of  the  order  of  200  kA/cm^. 


Figure  6  Calculated  I-V  characteristics  for  an  InP  Figme  7  Scanning  Electron  Microphotograph  for  a  Ipm^ 

Technology  device  integrated  with  an  air  bridge  technology  p 

Let  us  now  report  on  the  devices  fabrication  which  caimot  make  use  of  the  fully  planar  ion  implantation  techniques  due  to 
the  nature  of  the  low  gap  material.  In  that  case,  we  used  an  air  bridge  technique  which  is  illustrated  in  Figure  7.  This  Figure 
shows  the  Scaiming  Electron  Microphotograph  of  a  1  pm^  devices  interconnected  to  a  Coplanar  Waveguide  Transmission 
lines  for  subsequent  wafer  probing  of  the  devices.  The  anode  is  patterning  by  means  of  an  electron  beam  equipment 
whereas  the  mesa  was  etched  using  Reactive  Ion  Etching.  Let  us  recall  that  such  small  areas  permits  one  to  considerably 
limit  the  current  in  the  device  as  seen  in  figure  8  which  shows  the  current-voltage  characteristic  of  a  typical  device.  The 
peak  current,  reached  at  approximately  400mV,  was  in  excess  of  2  mA.  This  means  that  the  current  density  flowing  through 
the  microstmcture  exceeds  200  kA/cm^  in  excellent  agreement  with  calculated  data.  Moreover,  the  linear  increase  in  the 
current  versus  voltage,  before  the  occurrence  of  NDC  effect,  is  also  in  accordance  with  predicted  I-V  curves.  The  voltage 
range  for  NDC  effect  is  of  the  order  of  300mV 


Figure  8:  Current-voltage  characteristics  measured  directly  under  dc  probes 
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4.  RF  CHARACTERIZATION 


The  first  stage  in  rf  characterization  was  to  carefully  record  the  current-voltage  characteristic  under  coplanar  probes.  Unlike 
dc  probes  available  during  fabrication  for  preliminary  assessment,  rf  probes  exhibit  low  parasitics  so  that  the  stability  of  the 
devices  can  be  studied.  Let  us  recall  that  the  stability  criteria  depends  on  on  the  diode  characteristics  through  the 
capacitance  and  conductance  of  the  device  and  also  on  the  intercoimecting  element  mainly  the  series  self-inductance.  This 
key  criterion  reads: 


L,>R,tR,lQ  (6) 

Where  Ls  is  the  self  inductance,  the  series  resistance  Q  and  Rj  the  diode  capacitance  in  NDC  region.  It  can  be  seen  from 
equation  6  that  R^  .Rj  scale  as  1/A  (A  is  the  diode  area)  whereas  Cd  is  proportional  to  A.  It  results  from  this  that  at 
sufficiently  small  area  the  device  is  found  to  be  unconditionally  stable  over  the  NDC  region.  Clearly  the  threshold  depends 
on  the  technological  process  through  Ls  and  Rs  but  also  from  the  current  density  flowing  through  the  devices.  Under  these 
conditions,  high  current  drivability  devices  are  found  unstable  in  the  major  part  of  the  NDC  curve.  In  the  present  case  due 
to  the  drastic  .sbrinking  in  device  dimension  the  devices  exhibit  a  continuous  variation  for  bias  points  in  NDC  as  can  be 
shown  in  Figure  9  which  shows  the  variations  of  current  versus  voltage  for  a  1  pm^  area  device,  characterised  at  room 
temperature  with  picoprobes.  It  can  be  shown  that  the  Negative  differential  conductance  (resistance)  can  be  continuously 
tracked  under  NDC  conditions.  For  the  device  under  investigation  the  current  density  is  slightly  lower  than  those  reported 
below  with  Jp=  123  kA/cm^. 


Figme  9  Current-voltage  characteristics 


Under  such  stability  conditions,  and  without  the  requirement  of  a  stabilizing  network,  the  scattering  parameters  can  be 
measured  over  the  whole  bias  range  including  Positive  Differential  Conductance  (PDC)  and  NDC  regions.  Thus  we  obtain 
the  typical  variations  displayed  in  Figure  10  on  Smith  Chart.  The  tangent  circle  to  the  outer  circle  correspond  to  a  reflection 
coefficient  equal  to  one.  Outside  this  region,  the  reflection  coefficient  is  greater  than  one.  This  means  that  the  device 
delivers  an  extra  power  with  respect  to  the  incident  electromagnetic  power  delivered  by  the  source  of  network  analyser.  At 
low  frequency  the  diode  conductance  corresponds  the  values  which  can  be  deduced  by  derivating  the  I-V  characteristics. 
This  is  expected  from  the  high  quality  of  epilayer  avoiding  some  trapping  effects  with  a  slow  response  time.  At  increasing 
frequency  the  conductance  level  rolls  off  according  to  a  Rc  constant  involving  the  diode  resistance  and  the  overall  capacity 
of  the  devices.  Therefore  for  certain  bias  points  close  to  the  valley  voltage  cut-off  frequency,  and  under  small  signal 
conditions,  the  refleetion  coefficient  can  be  directly  measured  (cross  over  of  the  diode  reflection  coefficient  with  the  circle 
corresponding  to  a  Standing  Wave  ratio  (SWR)  equal  to  1). 

Analysis  of  the  small  signal  impedance  measurements  can  also  be  carried  out  by  recording  and  plotting  the  variations  of 
the  real  and  imaginary  intrinsic  part  of  impedance  as  a  function  of  bias  voltage.  Typical  bias  voltage  variations  are 
displayed  in  Figures  11  and  12  respectively.  The  conductance  is  nearly  constant  in  PDC  region  while  exhibiting  a  well 
defined  at  approximately  0.55  V.  Confidence  into  the  measurements  can  also  be  found  from  the  capacitance  variations 
versus  voltage  plotted  in  Figme  12  which  shows  an  increase  in  capacitance  in  NDC.  Such  an  increase  is  a  direct 
consequence  of  the  charge  trapped  within  the  central  when  die  diodes  is  under  resonant  conditions. 
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Figure  10  Variations  versus  frequency  of  the  small  signal  impedance  of  the  Diode  under  PDC  and  NDC  conditions. 
Scattering  parameters  measurements  were  carried  out  up  50GHz  .  The  tangent  circle  to  the  outer  one  corresponds  to  a 
unitary  Standing  Wave  Ratio  (SWR).  Outside  this  delimited  zone,  SWR  is  greater  than  one.  This  means  that  the  reflected 
wave  is  greater  than  the  incident  one.  Note  the  excellent  stability  of  these  measurements 


Figure  1 1  Voltage  dependence  of  the  small  signal  intrinsic 
conductance  extracted  in  the  whole  range  of  bias 


Figure  12  Capacitance  variations  versus  bias  voltage  for  a 
Ipm^  area  device  (InP  technology) 


5.  CONCLUSION 

In  summary,  high  performance  resonant  tunnelling  diodes  have  been  successfully  fabricated  and  rf  tested  over  a  wide 
frequency  range.  Two  technologies  were  investigated  based  on  InP  and  GaAs  substrates  respectively.  For  the  former,  full 
planar  integration  was  achieved  by  means  of  ion  implantation  wife  current  density  as  high  as  60  kA/cm2.  Due  to  low 
effective  mass,  higher  tunnelling  current  density  was  recorded  for  InP-based  microstructures  which  were  air-bridge 
contacted  wife  highest  results  in  fee  200  kA/cml  At  such  high  current  densities,  fee  stability  issue  becomes  of  prime 
importance  and  has  be  solved  by  shrinking  dramatically  fee  dimension  of  fee  devices.  For  Ipm^  area  devices  they  were 
found  unconditionally  stable.  This  permits  us  to  fully  characterised  fee  scattering  parameters  of  fee  devices  up  to  50  GHz. 
Analysis  of  intrinsic  elements  shows  strong  non  linearity  in  fee  conductance  and  capacitance  variation  versus  voltage,  wife 
an  increase  of  fee  capacitance  in  Negative  Differential  Conductance  region. 
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ABSTRACT  ^ 

In  this  paper  we  have  characterised  the  refractive  index  and  absorption  coefficient  of  negative  photoresist  NANO  XP  SU- 
8  from  0.1 -1.6  THz  using  terahertz  time-domain  spectroscopy.  Over  the  measured  frequency  range  it  was  found  that  the 
refractive  index  (n)  is  a  relatively  flat  function  of  frequency,  decreasing  from  1.8  to  1.7.  The  value  of  absorption  coefficient 
(a)  is  seen  to  increase  in  a  linear  fashion  over  the  given  frequency  range,  being  25  cm  at  1  THz.  From  this  data  we  have 
extracted  functions  of  dielectric  constant  (£,)  and  dielectric  loss  tangent  (tan(8))  versus  frequency,  quantities  which  will  be  of 
use  for  future  terahertz  circuit  design.  In  addition  to  these  measurements,  we  have  demonstrated  two  novel  applications  of 
SU-8.  Firstly,  we  have  fabricated  membrane-like  features  by  using  a  multi-exposure  photolithographic  technique  on  a  single 
layer  of  SU-8,  and  secondly  we  have  utilised  a  thin  layer  of  SU-8  (0.4  pm)  as  a  pattemable  adhesion  layer  as  part  of  a 
semiconductor  epitaxial  lift-off  (ELO)  process  designed  to  transfer  III-V  semiconductor  epitaxial  layers  onto  lower  loss  host 
substrates. 

Keywords:  SU-8  negative  photoresist,  terahertz  time-domain  spectroscopy,  micromachining,  microstructuring,  membrane 
structures,  epitaxial  lift-off  techniques 

1.  INTRODUCTION 

The  negative  photoresist  NANO™  XP  SU-8  is  gaining  much  attention  recently  for  applications  which  range  from 
microstructures  for  micromachining  [1]  to  being  a  potential  component  in  ultra-high  frequency  microcircuits  due  to  the 
manufacture  of  waveguide  structures  [2].  The  high  aspect  ratios  (>10:1)  and  ultra-thick  layers  (2000  pm)  which  are 
attainable  by  patterning  the  photoresist  facilitate  the  manufacture  of  3-D  features  which  could  be  utilised  in  conjunction  with 
ultra-high  frequency  devices,  notably  the  heterojunction  barrier  varactor  (HBV)  [3]  for  the  next  generation  of  integrated 
circuits  which  are  aimed  at  operating  at  THz  (10*^  Hz)  frequencies.  To  our  knowledge  there  have  been  no  studies 
concerning  the  dielectric  properties  of  SU-8  in  this  frequency  domain.  In  this  paper  we  have  characterised  the  refractive 
index  and  absorption  coefficient  of  SU-8  from  0.1 -1.6  THz  using  terahertz  time-domain  spectroscopy. 

This  paper  is  divided  into  terahertz  time-domain  spectroscopy  characterisation  and  applications  of  SU-8.  Part  2  outlines  the 
principles  of  terahertz  time-domain  spectroscopy.  Part  3  presents  the  results  of  the  spectroscopic  technique  when  applied  to 
features  fabricated  from  the  negative  photoresist  SU-8.  In  part  4,  novel  applications  of  SU-8  within  in  the  sphere  of 
micromachining  are  presented. 


2.  EXPERIMENTAL 

2.1  Terahertz  time-domain  spectroscopy 

Terahertz  time-domain  spectroscopy  [4,5]  is  a  powerful  and  fast  technique  for  measuring  the  complex  refractive  index  (nc  = 
n,  +  inj)  of  materials  over  a  very  wide  range  of  frequencies,  extending  from  tens  of  gigahertz  up  to  terahertz  frequencies.  The 
technique  is  based  on  measuring  the  time  dependence  of  the  electric  field  of  a  short  sub-picosecond  electromagnetic  pulse 
which  is  transmitted  through  a  sample  for  measurement.  The  ratio  of  the  Fourier  transforms  of  the  data  measured  with  and 
without  the  presence  of  the  sample  yields  the  complex  transmission  coefficient  of  the  sample  in  the  frequency  domain.  The 
refractive  index  (n)  and  absorption  coefficient  (a)  can  then  be  extracted  from  this  data. 
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Figure  1(a)  below  shows  a  schematic  diagram  of  the  experimental  set-up  used  to  measure  the  refractive  index  and  the 
absorption  coefficient  of  the  SU-8  samples. 

Terahertz  time-domain  spectroscopy  can  accurately  measure  these  optical  parameters  by  utilising  sub-picosecond 
electromagnetic  pulses  which  can  be  generated  by  pulsed  optical  excitation  of  an  LT-GaAs  photoconductive  switch  using  a 
self-mode-locked  Ti:Sapphire  laser  [4].  The  collimation  of  the  terahertz  signal  is  obtained  by  using  a  lens  fashioned  from 
high-resistivity  silicon.  Figure  1(b)  shows  the  electromagnetic  spectrum  which  is  generated  for  measurement,  demonstrating 
that  a  signal  covers  the  bandwidth  0.1  THz  to  approximately  2.5  THz. 


emitter 

Figure  1(a):  Schematic  diagram  of  experimental  set-up  used  to  perform  terahertz  time-domain  spectroscopy. 


frequency  (THz) 

Figure  1(b):  Frequency  spectrum  generated  by  terahertz  time-domain  spectroscopy. 
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2.1  Fabrication  of  samples 

SU-8  is  a  three-component  epoxy  based  negative  photoresist  formed  by  dissolving  the  resin  (SU-8)  in  an  organic  solvent  y- 
butyrolactone  (GBL)  and  finally  adding  a  photo-initiator  (triaryl  sulphonium)  which  makes  up  10%  of  the  resin  mass  [6]. 
The  resist  can  be  easily  spun  using  a  conventional  spin-coater,  photolithographically  patterned  using  standard  UV  equipment 
and  finally  annealed  to  form  the  resultant  cross-linked  polymer  which  is  an  extremely  durable  material  [7]. 

In  practice,  the  samples  used  for  this  study  were  fabricated  using  SU-8  100  resist  which  has  an  SU-8:GBL  ratio  equal  to 
73%.  The  host  substrates  which  were  used  for  the  fabrication  of  the  samples  were  silicon  wafers  having  a  diameter  of  2 
inches  which  had  been  successively  cleaned  in  acetone,  isopropanol  and  water  and  dried  at  120  °C  for  30  minutes  prior  to 
resist  deposition.  Approximately  5  ml  of  the  resist  was  delivered  onto  each  wafer  in  order  to  obtain  full  wafer  coverage.  A 
60-second  spin  was  then  performed  at  400  rpm  and  500  rpm  in  order  to  obtain  two  samples  having  a  nominal  thickness  of 
620  pm  and  520  pm  respectively.  A  pre-bake  at  a  temperature  of  100  °C  for  5  hours  was  used  to  expel  the  organic  solvents 
from  the  resist.  The  SU-8  layers  were  then  photolithographically  patterned  into  the  correct  size  required  for  the  terahertz 
time-domain  spectroscopic  measurements  (20  mm  x  20  mm).  The  resultant  SU-8  samples  were  released  from  the  silicon 
wafers  by  using  a  lift-off  technique  which  involved  etching  the  silicon  completely  away  in  a  potassium  hydroxide-water 
(K0H:H20)  (50  g:100  ml)  etch  solution  at  a  temperature  of  65  °C.  There  is  an  extremely  high  etch-selectivity  between  the 
materials  since  cross-linked  SU-8  is  inert  to  such  hot  alkaline  solutions.  By  using  this  technique  we  have  been  able  to 
produce  samples  with  a  good  degree  of  parallelism  between  the  front  and  back  surfaces,  an  essential  feature  for  the  terahertz 
time-domain  spectroscopic  results  which  were  to  be  performed. 

Figures  2(a)  and  (b)  below  show  SEM  images  of  typical  features  which  we  are  able  to  fashion  in  this  laboratory  by  using 
the  photoresist  SU-8.  A  high  aspect  ratio  (15:1)  and  high  uniformity  in  the  resist  thickness  across  the  wafer  have  been 
achieved  by  careful  optimisation  of  the  processing  parameters. 


Figure  2(a)  and  (b)  SEM  micrographs  of  the  high  aspect  ratio  features  which  are  attainable 

using  the  negative  photoresist  SU-8. 

3  RESULTS 

Figure  3(a)  below  shows  the  variations  of  the  refractive  index  and  the  absorption  coefficient  of  the  SU-8  samples  versus 
frequency.  Over  the  measured  frequency  range,  it  can  be  seen  that  the  refractive  index  of  SU-8  is  a  relatively  flat  function  of 
frequency,  decreasing  from  1.8  to  1.7  over  a  bandwidth  of  0.1-1.6  THz,  a  variation  of  -5%.  The  value  of  absorption 
coefficient  for  SU-8  is  25  cm'*  at  1  THz  and  is  seen  to  increase  with  frequency  over  the  measured  range  in  an  approximately 
linear  fashion.  The  value  of  the  absorption  coefficient  of  SU-8  can  be  compared  with  values  of  absorption  coefficient  for 
other  materials,  e.g.  Si02  glass  has  a  value  of  70  cm'*  at  a  measurement  frequency  of  1  THz  [4].  A  slight  difference  between 
the  two  samples  is  observed  in  the  spectroscopic  results,  this  can  be  attributed  to  uncertainty  in  the  thickness  of  the  sample 
[5]. 
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Figure  3(a):  Measured  variation  of  the  refractive  index  n  and  the  absorption  coefficient  a  of  SU-8  samples  versus 
frequency,  the  bold  lines  are  for  a  sample  thickness  of  620  pm,  the  feint  lines  for  520  pm. 

Functions  of  dielectric  constant  (e^)  and  dielectric  loss  tangent  (tan(8))  versus  frequency  can  be  extracted  from  these 
measured  parameters  to  give  meaningful  data  for  future  terahertz  frequency  design.  The  relationships  between  the  dielectric 
constant,  the  dielectric  loss  tangent  and  the  optical  parameters,  refractive  index  and  the  absorption  coefficient,  can  be  found 
in  the  literature  [8].  The  value  of  dielectric  constant  is  equal  to  the  square  of  the  refractive  index  and  the  dielectric  loss 
tangent  is  a  linear  function  of  the  absorption  coefficient,  frequency  and  refractive  index.  Figure  3(b)  below  demonstrates  the 
relationship  between  the  dielectric  constant  and  dielectric  loss  tangent  of  SU-8  versus  frequency  over  the  measurement 
range.  As  with  the  refractive  index,  the  value  of  dielectric  constant  is  seen  to  be  rather  constant  over  the  large  frequency 
measurement  range,  e.g.  varying  from  3.2-2.9  in  the  range  0.1-1.6  THz.  The  associated  dielectric  losses  are  seen  to  vary 
from  around  0.04-0.08  over  the  measured  frequency  range. 


Figure  3(b):  Extracted  variations  of  the  dielectric  constant  (er)  and  the  dielectric  loss  tangent  (tan(5))  of  SU-8  samples 

versus  frequency  for  the  sample  having  a  thickness  of  620  pm. 
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4.  APPLICATIONS 

4.1  Membrane  structures 

Membrane  structures  have  proved  to  be  very  powerful  for  micromachining  applications  [9].  For  example,  filter  structures 
can  be  realised  which  have  reduced  losses  due  to  the  removal  of  the  bulk  of  the  underlying  medium.  Such  structures  are 
usually  fabricated  by  removal  of  underlying  semiconductor  material  on  which  has  been  deposited  the  membrane  layer, 
usually  a  dielectric  e.g.  Si3N4  on  GaAs  or  Si02  on  Si.  This  method  usually  involves  selectively  etching,  with  a  suitable  etch, 
a  via-hole  from  the  rear  surface  of  the  wafer.  Thus,  membrane  structures  which  are  more  convenient  and  less  cumbersome  to 
fabricate  would  be  of  great  use  in  terahertz  design. 

Figure  4(a)  below  shows  a  novel  membrane-like  structure  which  we  have  been  able  to  produce  in  our  laboratory.  The 
membrane  has  a  thickness  of  36  pm  and  is  supported  by  side  features  having  a  thickness  of  600  pm  also  fashioned  from  SU- 
8.  A  single  deposition  of  SU-8  100  photoresist  was  used  to  form  the  structure  by  using  a  multi-exposure  technique  during  the 
photolithography.  This  was  achieved  using  different  exposure  times  in  sequence  in  order  to  form  the  side  supports  and  the 
membrane.  The  exposure  time  used  to  produce  the  side  supports  was  1  minute  in  contrast  to  a  brief  5  second  exposure  time 
used  in  order  to  form  the  membrane  part  of  the  structure.  Such  ’2V4D'  photolithographic  patterning  techniques  as  this  could 
prove  to  be  very  powerful  in  future  terahertz  circuit  design,  and  a  step  towards  true  3D  patterning  of  features 


Figure  4(a):  Membrane-like  structure  produced  by  a  multi-exposure  photolithographic  technique 

on  a  single  layer  of  SU-8  photoresist. 

4.2  Epitaxial  lift-off  and  transfer  techniques 

In  order  to  maximise  the  performance  of  III-V  semiconductors  devices  at  terahertz  frequencies  it  is  important  to  develop  a 
reliable  technique  for  the  transfer  of  such  devices/epitaxial  layers  from  the  parent  III-V  substrate  onto  low  loss,  lower 
dielectric  constant  substrate,  e.g.  quartz.  Such  techniques  have  been  developed,  usually  employing  an  epoxy  resin  to  bond 
the  pre-fabricated  active  devices  top-side  down  onto  a  new  host  wafer,  e.g.  the  QUID  technique  [10].  Alternatively,  epitaxial 
lift-off/transfer  techniques  can  be  used  to  transplant  an  InGaAs/InAlAs  epitaxial  layer  onto  a  new  host  substrate  prior  to 
device  processing.  In  a  step  towards  this  goal,  we  have  been  able  to  use  a  thin  coating  of  SU-8  as  a  photo-patterning  the 
adhesive  layer  forming  part  of  an  epitaxial  layer  transfer  process  which  we  are  currently  developing  at  lEMN.  Figure  4(b) 
below  shows  an  InGaAs/InAlAs  epitaxial  layer  having  a  thickness  of  1.7  pm  which  has  been  transferred  to  a  Si02  glass 
substrate  having  a  thickness  of  2  mm.  The  intermediate  SU-8  adhesive  layer  is  seen  to  have  a  thickness  of  4000A.  The  SEM 
shows  that  the  InGaAs/InAlAs  epitaxial  layer  is  free  from  macroscopic  defects  which  can  reduce  the  yield  of  active  devices. 
Maintaining  the  quality  of  the  epitaxial  layer  throughout  the  process  is  of  vital  importance  if  the  resultant  active  devices  are 
to  have  good  characteristics  at  low  and  high  frequencies. 
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Figure  4(b):  InGaAs/InAlAs  (1.7|im)  epitaxial  layer  which  has  been  transferred  to  a  Si02  host  substrate 
by  using  a  thin  (4000A)  intermediate  layer  of  SU-8. 

The  InP  substrate  can  be  totally  removed  by  using  a  hydrochloric  acid/water  (HCL:H20)  etch  solution.  Such  an  etch  solution 
has  a  very  high  selectivity  between  InGaAs  and  InP,  an  etch  rate  ratio  between  the  InGaAs  and  the  InP  as  high  as  500  has 
been  observed  [11].  By  using  the  process  we  have  been  able  to  successfully  transfer  a  1  cm'^  InGaAs/InAlAs  epitaxial  layer 
onto  a  Si02  glass  host  wafer.  The  intermediate  layer  of  SU-8  was  seen  to  be  totally  free  from  defects  and  bubbles  caused  by 
solvent  expulsion  that  can  occur  during  drying.  Such  defects  have  been  observed  to  cause  damage  and  drastically  reduce 
yield  in  the  resultant  transferred  devices  [10].  Also,  we  have  demonstrated  that  by  having  the  power  to  photo-pattern  the  SU- 
8  intermediate  layer  we  have  been  able  to  produce  a  very  planar  InGaAs/InAlAs/SU-8  layer  on  the  Si02  glass  host  substrate 
by  elimination  of  resin  edge-bead  effects.  This  planarity  is  an  essential  feature  if  further  photolithographic  steps  are  to  be 
performed  on  the  epitaxial  layer,  especially  if  sub-micron  features  and  air-bridge  technology  is  required  for  active  device 
formation.  We  have  performed  a  temperature  cycling  experiment  by  using  a  rapid  thermal  annealer  (RTA)  and  have 
demonstrated  that  the  InGaAs/InAlAs/SU-8/Si02  system  is  stable  up  to  ohmic  formation  temperatures,  e.g.  400  °C  for  40 
seconds.  We  have  also  seen  that  this  system  is  compatible  with  standard  photolithographic  processing.  In  addition  to  this,  an 
important  point  to  note  is  that  by  using  phosphide  based  devices,  we  eliminate  the  necessity  of  the  'etch-stop'  layer  which  has 
to  be  employed  in  order  to  perform  epitaxial  lift-off  techniques  when  utilising  gallium  arsenide  based  technology  [12]. 

5.  CONCLUSION 

We  have  presented  the  first  measurements  in  the  terahertz  frequency  domain  on  structures  formed  from  the  ultra-thick 
negative  photoresist  SU-8.  Large  area  samples  having  parallel  surfaces  have  been  produced  by  a  lift-off  technique  for  the 
measurements.  Terahertz  time-domain  spectroscopy  has  been  utilised  in  order  to  observe  the  refractive  index  (n)  and 
absorption  coefficient  (a)  of  the  material  under  test  in  the  frequency  range  0.1 -1.6  THz.  From  these  measured  parameters  we 
have  extracted  the  corresponding  values  of  the  dielectric  constant  (Ej)  and  dielectric  loss  tangent  (tan(5))  of  SU-8.  In 
addition  to  this  characterisation,  we  have  demonstrated  two  novel  applications  of  SU-8  for  terahertz  technology.  Firstly,  a 
membrane  structure  has  been  fabricated  using  a  single  deposition  of  the  photoresist  by  utilising  a  multi-exposure 
photolithographic  technique,  this  is  a  first  step  towards  true  3D  photolithographic  microstructuring.  Secondly,  a  thin  layer  of 
SU-8  has  been  used  as  a  photo-pattemable  adhesive  layer  as  part  of  an  epitaxial  lift-off  technique.  We  have  fabricated  a 
highly  planar  InGaAs/InAlAs/SU-8/Si02  system  which  is  stable  up  to  ohmic  contact  formation  temperatures  for  phosphide 
based  devices,  opening  the  way  to  further  device  post-processing  after  epitaxial  layer  transfer  onto  lower  loss  substrates. 
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ABSTRACT 

Cyclotron  resonance  of  two-dimensional  (2D)  holes  in  high-mobility  undoped  multi-quantum-well  Ge/GeSi  (111) 
heterostracture  has  been  studied  in  both  “classical”  (hot  <  kT)  and  quantizing  (fecot  »  kT)  magnetic  fields.  Effects  of  hole 
heating  on  2D  hole  cyclotron  resonance  has  been  investigated.  The  calculations  of  2D  hole  Landau  levels  in  rectangular 
quantum  well  have  been  performed  allowing  to  interpret  the  evolution  of  CR  spectra  in  going  from  “classical”  to 
“quantum”  range. 

Keywords:  cyclotron  resonance,  strained  heterostructure,  carrier  heating,  Landau  levels,  shallow  impurity 

INTRODUCTION 


The  paper  presents  the  results  of  investigation  of  two-dimensional  (2D)  hole  energy  spectra  in  strained  Ge/GeSi 
heterostructures  by  cyclotron  resonance  technique.  Two-dimensional  systems  based  on  Si  and  Ge  are  being  widely 
investigated  during  last  20  years  because  of  possibility  of  their  device  applications  [1,  2].  It  was  shown  that  the  built-in 
strain  resulted  from  a  mismatch  of  lattice  constants  of  Si  and  Ge  as  well  as  quantum  confinement  open  wide  possibilities 
for  band  engineering  in  SiGe  structures.  Nowadays  2D  electron  gas  realized  in  strained  Si  layers  in  «Si-rich»  Si/SiGe(001) 


heterostructures  is  much  more  investigated  then  2D  hole  gas.  One  of 
the  reasons  is  the  complicated  valence  band  structure;  another  is  the 
low  mobility  of  2D  holes  suffering  fi-om  alloy  scattering  in  SiGe 
quantum  wells.  Use  of  Ge/GeSi  heterostmctures  where  quantum  wells 
for  holes  are  realized  in  pure  Ge  layers  can  alleviate  the  last  problem. 
The  built-in  deformation  splits  the  light  and  heavy  subbands  thus 
providing  the  2D  holes  of  the  low  mass  and  high  mobility.  It  makes 
possible  to  study  some  subtle  effects  such  as  cyclotron  resonance. 
Cyclotron  resonance  of  2D  holes  in  selectively  doped  Ge/GexSii.x(001) 
heterostructure  (x  =  0.7,  p,2D  “  LS  IO"*  cm^A^  c,  ps=  (1^2)- lO’^  cm'^) 
has  been  studied  in  «quantum»  regime  by  C.M.Engelhardt  et  al.  [3]. 
They  have  observed  a  few  cyclotron  resonance  lines  in  absorption 
spectra.  To  explain  the  experiment  [3]  R.Winkler  et  al.  [4]  have 
performed  the  calculations  of  hole  Landau  levels  taking  into  account 
effects  of  built-in  deformation  and  self-consistent  confinement  potential. 
These  calculations  have  allowed  to  interpret  the  spectral  lines  observed  as 
transitions  between  the  few  lowest  nonequidistant  hole  Landau  levels  and 
to  explain  the  magnetic  field  dependence  of  the  line  intensity  resulted 
from  the  carrier  redistribution  between  Landau  levels  with  magnetic 


Figure  1.  Cyclotron  resonance  absorption 
spectra  of  photoexcited  holes  in  strained 
undoped  Ge/Geo.88Sio.i2  heterostructure  (dce  = 
200  A,  doesi  =  260  A,  Ece  =  2, 1 8- 10’^)  in 
d.c.lateral  electric  fileds; 
l)£  =  0;2)£:=10V/cm, 

3)E=  16.7  V/cm,  4)E=  23.3  V/cm 
/=130GHz,7’=4.2  K. 
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field.  In  our  earlier  paper  [5,  6]  cyclotron  resonance  in  undoped  strained  Ge/Gei.xSix(lll)  heterostructures  (x  =  0.1,  dcc  = 
200  A,  p.2D  =  l.O  lO’  cm^/V-c)  has  been  studied  at/=  130  GHz,  i.e.  in  «seiniclassilal»  case  Scot  =  kr.  The  spectral  position 
of  CR  of  2D  photoexcited  holes  corresponded  to  the  small  effective  mass  value  m  =  O.Olmo  (fig.l,  bold  curve).  This  figure 
is  in  a  good  agreement  with  the  calculated  mass  at  the  bottom  of  the  lowest  hole  quantum  subband.  Application  of  lateral 
electric  field  to  the  sample  has  been  found  to  result  in  the  remarkable  shift  of  hole  cyclotron  resonance  line  to  high 
magnetic  fields  (figl).  It  has  clearly  demonstrated  the  strong  nonparabolicity  of  the  lowest  hole  subband  predicted 
theoretically  [7]. 

In  this  paper  we  present  the  study  of  «quantum»  (^cob  »  k7)  cyclotron  resonance  absorption  in  undoped  samples  that 
became  possible  due  to  the  usage  of  the  powerful  radiation  sources:  backward  wave  tube  oscillators.  Investigation  of  hole 
heating  effects  on  cyclotron  resonance  as  well  as  calculations  of  2D  hole  Landau  levels  in  strained  Ge/Gei.xSix(lll) 
heterostructure  allowed  to  interpret  the  experimental  spectra  and  to  reveal  the  cyclotron  resonance  spectra  evolution  from 
«classical»  to  «quantum»  regime. 


2.  EXPERIMENTAL 

Multi-quantum-well  Ge/Gei.xSix  undoped  heterostructure  {x  =  0,12,  dot  =  200  A,  dcesi  =  260  A,  number  of  periods  N  = 
162)  was  grown  by  CVD  technique  on  Ge(lll)  substrate.  Hie  whole  width  of  the  structure  exceeds  the  critical  value 
providing  stress  relaxation  between  the  substrate  and  the  heterostructure  and  the  elastic  biaxial  deformation  of  Ge  layers  e 
=  2,1810-^ 

The  cyclotron  resonance  absorption  spectra  of  the  heterostructure  were  measured  in  Faraday  configuration  at  7  =  4.2  K. 
The  backward  wave  tube  oscillators  were  used  as  radiation  sources  in  frequency  range  /  =  350^-700  GHz  (i.e. 
corresponding  to  CR  in  quantizing  magnetic  fields).  Radiation  was  guided  by  a  quasioptical  system  to  the  sample  placed  in 
the  liquid  helium  cryostat  in  the  center  of  super  conducting  solenoid.  The  sample  was  oriented  perpendicular  to  the 
magnetic  field  {H II  [111])  and  to  the  wave  vector  of  radiation.  The  holes  were  excited  by  GaAs  LED  illumination  (A,  =  0.9 
^im)  that  was  triggered  at/=  1  kHz,  thus  all  spectra  were  measured  at  modulation  of  photoexcitation.  The  excited  carriers 
produced  the  modulation  of  microwave  radiation  passing  through  the  sample  that  was  detected  by  n-InSb  photoresisitor. 
The  lock-in  amplifier  was  used  for  the  recovering  of  the  transmission  signal.  Strip  ohmic  contacts  were  deposited  on  the 
sample  surface  to  allow  lateral  electric  field  application. 

The  observed  cyclotron  resonance  absorption  spectra  at/=  370,/=  600  and/=  690  GHz  are  shown  in  fig.2  a,  b, 
c.  The  lowest  curves  represent  the  spectra  at  zero  electric  field  while  the  upper  ones  are  obtained  at  some  d.c.  voltages 
applied  to  the  sample.  As  it  is  seen  there  are  few  features  in  the  spectra.  To  distinguish  these  features  each  curve  was 
resolved  into  three  or  four  Lorentzians.  Their  positions  are  marked  on  fig.2  a,  b,  c  by  arrows.  Line  0  has  the  maximum 
near  H  =  0  and  results  probably  from  non-resonant  tails  of  the  other  lines  1,  2,  3  (polarization  of  the  radiation  was  nearly 
linear).  Other  lines  1,  2,  3  are  evidently  resonant.  Note  that  in  contrast  to  the  cyclotron  resonance  in  «classical  limit» 
(fig.l)  d.c.  electric  field  does  not  shift  the  lines  but  changes  the  relative  magnitudes  of  lines  2  and  3.  The  line  positions  in 
the  wide  frequency  range  130-5-700  GHz  are  plotted  in  fig.3.  Line  1  is  seen  to  be  extrapolated  to  £  =  0.85  meV  at  //  =  0; 
hence  this  line  can  not  be  attributed  to  cyclotron  resonance  of  free  carriers.  Earlier  [8]  residual  shallow  acceptors  with 
small  binding  energy  £i=  3.7  meV  were  revealed  in  quantum  wells  of  this  heterostructure.  It  is  natural  to  attribute  the  line 
1  to  the  transitions  between  excited  shallow  acceptor  or  A-t-centers  states  [9]  associated  with  two  different  Landau  levels. 
The  excited  states  should  become  populated  under  LED  illumination.  Line  2  has  constant  slope  both  in  «classical»  and 
«quantum»  frequency  ranges  and  was  shown  [5]  to  result  from  cyclotron  resonance  of  2D  holes  occupying  the  lowest 
Landau  level.  At  last,  the  line  3  becomes  discernible  only  at/>  400  GHz,  its  intensity  being  increased  in  comparison  with 
that  of  the  line  2  in  d.c.  fields.  At/=  690  GHz  the  intensity  of  the  line  3  if  compared  with  the  line  2  becomes  smaller  than 
at  /  =  600  GHz  but  it  increases  at  the  application  of  d.c.  field.  It  indicates  that  the  line  3  is  associated  with  cyclotron 
transition  of  2D  hole  from  higher  Landau  level:  at  low  frequencies  the  transitions  2  and  3  have  nearly  the  same  energies 
and  are  observed  as  one  line;  when  frequency  increases  two  lines  become  discernible  but  the  population  of  the  Landau 
level  corresponding  to  the  line  3  decreases. 

3.  CALCULATIONS  AND  COMPARISON  WITH  EXPERIMENT 

Calculations  of  Landau  levels  of  2D  holes  in  rectangular  quantum  well  in  strained  Ge/GeSi  heterostructures  were 
performed  using  4x4  k-p  Hamiltonian  in  axial  approximation  including  strain  Hamiltonian  [10].  Quantum  well  depth  was 
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Figure  2.  Cyclotron  resonance  absorption  spectra  of  2D  photoexcited  holes  in  Ge/Geo.ssSio.iz  heterostructure  in  d.c. 

lateral  electric  fields  (solid  lines).  T  =  4.2  K.  a)/=  370  GHz,  b)/=  600  GHz,  c)/=  690  GHz 

Each  absorption  curve  is  resolved  into  three  or  four  Lorentzians  (dashed  lines).  Lorentzians  positions  are  marked  by 

arrows. 

obtained  using  the  results  of  [1 1].  The  symmetry  results  in  the  conservation  of  the  total  angular  momentum  projection  on 
the  magnetic  field  direction  Mj  and  of  the  parity  of  the  wave  fiinction  with  respect  to  the  reflection  in  the  plane  z  =  0  that 
goes  through  the  quantum  well  center  perpendicular  to  the  magnetic  field  direction.  Thus  each  state  could  be  classified  by 
eigenvalue  n  =  Mj+3/2  (n  =  0,1,2,...),  and  should  be  either  symmetric  {$)  or  antisymmetric  (a)  with  respect  to  the  plane 
z=0.  This  notation  is  used  in  Fig.4  where  fan  chart  of  lower  Landau  levels  is  plotted.  The  index  in  notation  indicates  the 
subband  from  which  the  given  Landau  level  originates  from.  The  correction  resulted  from  the  nondiagonal  warping  term 
in  Hamiltonian  was  found  to  be  3-i-5%  for  several  lowest  Landau  levels.  In  Faraday  configuration  dipole  transitions  are 
allowed  between  two  states  of  the  same  parity  if  An  =  ±1.  The  most  of  photoexcited  holes  in  our  experiments  populate  the 
lowest  Landau  level  O^j.  The  allowed  cyclotron  resonance  transition  0ji->1si  corresponds  to  the  cyclotron  mass 
0.064/no  that  is  a  little  bit  less  than  the  observed  mass  for  the  line  2  of  0.073/no.  Similarly  the  calculated  mass  for  the 
allowed  transition  from  the  next  Landau  level  3ai-Mai  mc=  0.065/no  is  less  than  the  observed  one  for  the  line  3  (0.08/no). 
The  7  %  discrepancy  between  the  calculated  and  the  observed  effective  mass  values  can  not  be  explained  by  the  neglecting 
the  split-off  hole  subband.  This  correction  seems  to  be  for  lowest  Landau  levels  less  than  1%.  The  reasonable  origin  of  the 
discrepancy  may  nonrectangular  form  of  the  well  potential  due  to  Si  profile  blurring  during  the  growth. 
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The  evolution  of  the  2D  hole  cyclotron  resonance  spectrum  with  the  frequency  can  be  understood  from  the  results 
presented  in  fig.4.  As  it  is  seen  the  lower  Landau  levels  are  weakly  interacting  and  their  energies  depend  linearly  on  the 
magnetic  field  up  to  30  kOe.  It  explains  why  the  mass  values  corresponding  to  the  transitions  2  and  3  remain  constant  in 
“quantum”  frequency  range.  In  contrast  the  upper  Landau  levels  become  nonequidistant  at  low  magnetic  fields  and  their 
energies  depend  nonlinearly  on  the  magnetic  field.  This  results  in  the  shift  of  the  “classical”  cyclotron  resonance  line  to 
higher  magnetic  fields  at  hole  heating  when  the  excited  levels  become  populated  (fig.l) 

Thus  cyclotron  resonance  of  2D  hole  in  undoped  strained  multi-quantum- well  Ge/GeSi  (111)  heterostructures  were 
investigated  in  wide  frequency  range  130^-700  GHz.  Effects  of  built-in  deformation  and  confinement  on  2D  hole  energy 
spectra  were  demonstrated.  Calculations  of  2D  hole  Landau  levels  and  investigation  of  hole  heating  allowed  to  interpret 
the  observed  evolution  of  the  cyclotron  resonance  spectrum  from  “classical”  to  “quantum”  range. 


Figure3.  Spectral  positions  of  the  observed  absorption  lines  /,  2, 3  (see  Fig.2)  versus  magnetic  field  (the  dots).  The  dashed 
line  shows  the  extrapolation  of  the  line  1  to  H  =  0.  The  solid  lines  show  calculations  of  the  hole  cyclotron  transitions 
corresponded  to  the  observed  lines  2,  3. 


Figure  4.  Fan  chart  of  calculated  Landau  levels  in  rectangular  quantum  well  in  Ge/Geo  gsSio.ia  heterostructure.  Arrows  2,  3 
correspond  to  the  lines  2,  3  on  fig.3. 
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ABSTRACT 

This  paper  describes  a  Gauss-Hermite  beam-mode  analysis  of  the  far-field  radiation  pattern  of  a  sectoral  hom  antenna  with  a 
tapered  slot  in  its  upper  broadwall.  This  type  of  anteima  is  suitable  for  integration  with  micro-machined  rectangular 
waveguide,  examples  having  been  fabricated  for  frequencies  as  high  as  1 .6  THz.  Microwave  scale  model  radiation  pattern 
measurements  are  presented.  A  procedure  for  carrying  out  a  beam-mode  analysis  from  the  measured  far-field  pattern  rather 
than  the  usual  case  of  a  theoretical  near-field  distribution  is  described.  The  beam-mode  analysis  technique  is  of  general 
applicability  to  all  types  of  antenna. 

Keywords:  antennas,  beam-mode  analysis,  micro-machined  waveguide,  quasi-optics,  terahertz 

1.  INTRODUCTION 

One  of  the  factors  that  has  hampered  the  widespread  introduction  of  systems  operating  at  frequencies  near  1  THz  has  been 
the  lack  of  a  relatively  inexpensive  and  reliable  technique  for  producing  integrated  subsystems.  While  it  is  still  possible  to  use 
conventional  machining  and  fabrication  techniques  to  make  hollow  metal  waveguide  components  that  give  good  performance 
at  these  frequencies,  the  tolerances  required  make  them  prohibitively  expensive  for  all  but  the  most  specialized  applications. 
This  has  lead  to  the  exploration  of  the  use  of  various  micro-machining  techniques  for  waveguide  manufacture  which  have  the 
further  advantage  of  allowing  monolithic  device  integration.  If  such  components  are  to  be  of  general  use,  they  require 
monolithically  fabricated  antennas  to  couple  the  guided  radiation  to  beams  propagating  in  free  space.  It  is  often  necessary  to 
couple  these  free  space  beams  to  quasi-optical  systems,  which  employ  reflecting  or  refracting  optics  to  control  the  diffractive 
spreading  of  the  beam.  For  the  purpose  of  understanding  how  best  to  couple  radiation  between  antennas  and  quasi-optical 
systems,  it  is  convenient  to  analyse  the  beam  launched  by  an  antenna  into  a  superposition  of  orthonormal  beam-modes,  each 
of  which  maintains  a  well-defined  form  as  it  propagates.  The  total  field  in  any  beam  cross-section  then  being  given  by  the 
coherent  sum  of  the  beam-mode  fields  in  that  cross-section. 

This  paper  carries  out  such  a  beam-mode  analysis  for  a  sectoral  hom  antenna  with  a  tapered  slot  in  its  upper  broadwall.  The 
antenna  is  suitable  for  monolithic  integration  with  micro-machined  waveguide  and  examples  have  been  fabricated  for 
frequencies  as  high  as  1.6  THz.  The  beam-mode  analysis  technique  described  here  is  unusual  in  that  its  starting  point  is  the 
measured  far-field  radiation  pattern  of  the  antenna.  Beam-mode  analysis  has  hitherto  been  confined  to  analysing  the  beams 
launched  by  antennas  for  which  a  theoretically  known  analrtical  expression  for  the  field  in  the  anteima’s  aperture  plane 
exists This  approach  could  not  be  taken  here,  as  this  antenna  has  no  clearly  defined  aperture  plane  and  there  is  no 
analytical  expression  for  its  near-field.  In  order  for  the  technique  to  be  successful,  it  is  necessary  to  meastne  both  the 
amplitude  and  phase  far-field  radiation  patterns.  At  present,  this  is  most  easily  achieved  with  microwave  scale  models  of  the 
terahertz  antennas  and  the  results  presented  here  are  based  on  X-band  model  measurements. 

2.  MICRO-MACHINING 

The  main  steps  in  the  micro-machined  waveguide  fabrication  process®  are  illustrated  in  Fig.  1 .  After  metallising  the  upper 
surface  of  a  semiconductor  wafer  substrate,  a  layer  of  positive  photo-resist  is  spun  on  to  a  thickness  which  defines  the 
ultimate  height  of  the  waveguides  (Fig.  1(a)).  Areas  of  the  resist  are  exposed  to  ultra-violet  light  through  a  mask  and 
developed  away  to  leave  raised  areas  which  define  the  interior  walls  of  the  waveguides  (Fig.  1(b)).  An  even  layer  of  metal  is 
evaporated  over  the  whole  surface  of  the  wafer  and  this  is  strengthened  by  electro-plating  further  metal  (Fig.  1(c)).  Finally, 
the  remaining  photo-resist  is  dissolved  to  leave  hollow  metal  rectangular  waveguide  circuits  on  the  surface  of  the  wafer  (Fig. 
1(d)).  Additional  processing  steps  can  be  used  to  define  solid-state  devices  in  the  semiconductor  substrate  and  to  grow 
contact  pillars  on  them. 
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Figure  \ .  Micro-machined  waveguide  fabrication  process.  (Transverse  cross-section  through  waveguide). 


3.  ANTENNA 

The  height  of  the  waveguide  structures  produced  by  the  micro-machining  process  is  Imxited  by  the  maximum  photo-resist 
thickness  that  can  be  used.  A  consequence  of  this  is  that,  while  it  is  possible  to  taper  the  width  of  the  waveguides  to  any 
desired  dimension,  it  is  not  possible  to  taper  them  to  increase  their  height.  Thus,  it  is  not  possible  to  form  a  structure 
approximating  a  horn  antenna  which  tapers  in  both  dimensions.  However,  H-plane  sectoral  horns,  just  tapering  in  width 
across  the  substrate,  can  be  fabricated.  While  such  horns  have  an  acceptable  beam-width  in  the  H-plane,  the  narrow 
confinement  of  the  electric  field  in  the  aperture  above  the  substrate  leads  to  an  unacceptably  wide  E-plane  pattern.  To 
improve  on  the  E-plane  pattern  a  new  antenna  consisting  of  an  H-plane  sectoral  hom  with  a  tapered  slot  in  its  upper 
broadwall  was  devised  (Fig.  2).  The  slot  allows  the  E-plane  electric  field  at  the  antenna  to  extend  to  a  greater  height,  outside 
the  confines  of  the  waveguide,  before  it  is  radiated.  The  antenna  is  directly  compatible  with  the  micro-machining  process. 
The  slot  is  formed  after  the  metal  layer  has  been  evaporated,  as  in  Fig.  1(c).  A  ftoher  layer  of  photo-resist  is  spun  over  the 
structure,  exposed  through  a  mask  and  developed,  leaving  the  metal  in  the  slot  area  imcovered  so  that  it  can  be  removed  by 
etching.  Examples  of  this  type  of  antenna  have  been  fabricated  and  characterised  at  frequencies  between  180  GHz  and 
1.6  THz'*. 


Figure  2.  Micro-machined  antenna. 


4.  SCALE  MODEL  MEASUREMENTS 

The  properties  of  the  antenna  were  explored  with  the  aid  of  an  X-band  scale  model  made  fi:om  brass  sheet.  The  dimensions, 
with  reference  to  Fig.  2,  were  £)  =  109  mm,  L  =  125  mm,  while  the  stmcture  had  the  same  height  as  full-height  waveguide. 
Co-  and  cross-polar  antenna  pattern  measurements  were  made  at  8,  10  and  12  GHz  for  a  range  of  phi-cuts.  The  E-  and  H- 
plane  co-polar  amplitude  patterns  are  shown  in  Fig.  3.  Phase  patterns  were  also  recorded.  The  addition  of  a  ground  plane 
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outside  the  confines  of  the  antenna  was  found  to  have  little  effect.  The  maximum  cross-polar  levels  were  at  -8  dB.  The  main 
lobe  in  the  E-plane  was  found  to  be  elevated  at  20°  above  the  substrate  plane. 


5.  BEAM-MODE  ANALYSIS 

The  field  in  any  cross-sectional  plane  through  the  beam  could  be  represented  by  a  superposition  of  any  set  of  orthonormal 
functions.  However,  the  Gauss-Hermite  functions  are  particularly  useful,  as,  subject  to  a  paraxial  approximation,  each  gives 
rise  to  a  beam-mode  which  retains  a  scaled  but  characteristic  cross-sectional  amplitude  and  phase  distribution  as  it 

9 

propagates  . 

The  beam-field  corresponding  to  the  Gauss-Hermite  beam-mode  with  mode  numbers  m  and  n  takes  the  following  form: 

Vmn  (x,  y,  =  Umn  T.  (0 


42—  42—  ■expi{m^x+n(py)-UQo{x,y,z) 


uoo{x,y,^)  = 


2y _ 1 
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2  ^ 
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•  exp- i 

1  W;, 
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kc^  ky^ 
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2R^  2Ry 


Here,  the  beam  is  taken  to  be  propagating  along  the  z-axis  of  a  Cartesian  co-ordinate  system,  Hn(X)  is  the  Hermite 
polynomial  of  X  of  mode  or  order  number  N,  a>  is  angular  fi-equency,  k  is  the  magnitude  of  the  wave-vector,  t  is  time,  and 
is  an  arbitrary  phase  angle.  The  beam-mode  is  characterized  by  the  two  sets  of  parameters  w^,  R.x,  ^y<  ^yl  the  z- 

dependence  of  each  set  being  described  by  : 


=  wq  (l  +  i^j 


R  =  z  +  — 
z 


'  =  tan~' z  =  sin“^(l-Hz  2 


The  cap  ^  indicates  division  by  kwo^l2  to  produce  a  reduced,  dimensionless  quantity;  z  being  referenced  to  the  position  z  -  Zq, 
at  which  the  beam  has  its  narrowest  width  (the  beam-waist  wq),  thus 

z  =  2(z-Zo)/Awo  (7) 

This  description  allows  for  astigmatic  beams,  each  set  of  parameters  having  its  corresponding  beam-waist  Wo.i  and  Woy, 
located  at  zo.,  and  zoy  respectively.  The  parameter  w  represents  the  width  of  the  field  distribution  in  the  beam-mode,  R  is  the 
radius  of  curvature  of  the  spherical  phase-fronts  in  the  beam-mode,  and  (j)  represents  an  on-axis  phase  factor  describing  the 
slippage  of  the  beam-mode’s  phase  relative  to  a  plane-wave.  Equation  (3)  for  describes  the  fundamental  Gaussian 

beam-mode,  which  has  a  Gaussian  transverse  amplitude  distribution  of  1/e  amplitude  half-width  w. 

Because  the  Gauss-Hermite  functions  form  a  complete  orthonormal  set,  any  arbitrary  function,  UA{x,y;z\  such  as  a  measured 
antenna  beam  pattern,  can  be  described  as  a  linear  combination  of  these  functions,  u„„{x,y;z),  thus 


)  T;  z)  =  ^  (x,  y;  z) 


350 


where  the  weighting  factors  C,„,  may  be  complex.  Further,  these  functions  are  orthonormal  to  each  other,  hence  the 
coefficients  of  each  have  unique  values  for  a  particular  u^,  and  can  be  determined  by  evaluation  of  the  integral,  over  any  z 
cross  section,  of  the  product  of  the  conjugate  of  that  function  with  the  beam  under  consideration 


=  jjumn{x,y,4’^Aix,y,4‘^xdy 


(9) 


However,  in  practice,  the  set  of  beam-modes  u„„  involves  an  open  choice  of  values  for  the  w,  R,  and  ^parameters,  in  both  the 
x  and  y  directions.  Though  this  choice  does  not  affect  the  completeness  and  orthogonality  of  the  set,  it  will  affect  the  resulting 
values  of  C„„,  and  so  there  may  be  a  preferred  choice.  For  example,  if  the  beam  to  be  fitted  has  an  axially  symmetric 
Gaussian  distribution  of  amplitude,  of  width  parameter  wc  and  uniform  phase,  it  may  be  fitted  exactly  by  a  single 
fundamental  mode  of  w  =  wc  and  R  =  oo,  for  both  the  x  and  y  directions.  Different  ehoices  of  w  and  R  would  be  possible,  but 
would  require  an  infinity  of  modes  for  an  exact  fit,  since  Gauss-Hermite  functions  are  not  orthogonal  to  a  Gaussian  function 
of  different  parameter  values. 

A  common  choice  of  parameter  values  for  the  beam-mode  set  is  one  that  minimizes  the  number  of  modes  with  coefficients  of 
significant  magnitude.  This  allows  a  good  fit  to  u^s  with  a  finite,  and  minimal,  number  of  beam-modes,  allowing  clear  and 
simple  description  of  the  field,  as  well  as  computational  economy.  Similarly,  a  choice  can  be  made  that  allows  a  best  fit  to  the 
field  with  a  given  number,  say  ten,  of  beam-modes.  For  coupling  to  quasi-optical  systems  (in  which  a  single  moded  beam 
provides  the  usual  form  of  input),  another  popular  criterion  is  to  choose  parameter  values  that  maximize  the  power  contained 
within  the  fundamental  mode.  The  fraction  t/oo  of  the  total  beam  power  carried  by  the  fundamental  Gaussian  mode  is  given 
by 


where  the  denominator  represents  the  total  power  contained  in  the  beam,  and  both  integrals  are  over  the  whole  plane. 

Since  antenna  pattern  measurements  are  almost  exclusively  taken  in  the  form  of  far-field  angular  variation  of  amplitude  and 
phase,  the  first  stage  of  the  analysis  must  be  to  convert  this  to  some  equivalent  £-field  distribution  over  a  plane  in  the  near¬ 
field. 

It  can  be  shown  that,  in  the  far-field,  the  field  distribution  ipfp,  6,  (f)  expressed  in  polar  co-ordinates  approximates  to‘° 


¥{p^&,<t>) 
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exp-  ikp 
kp 


y 


(11) 


where  p  is  the  downbeam  distance,  assumed  to  be  much  greater  than  the  wavenumber  k,  and  A{0,^)  is  known  as  the  angular 
spectrum  of  the  beam.  This  latter  is  more  usually  expressed  in  Cartesian  co-ordinates,  A(kx,k^),  and  describes  the  complex 
amplitude  of  the  corresponding  plane  wave  component  of  the  beam  with  direction  vectors  k^,  ky.  From  consideration  of  the 
wave  equation,  A(kx,k^)  can  be  seen  to  be  related  to  the  near-field  beam  distribution,  ^i/(x,>',z=0),  by 

AijCy  ,ky)=-^.  T;  z  =  (12) 

which  can  be  seen  to  be  an  inverse  Fourier  transform  relationship'*.  Thus  A(kx,k^)  may  be  considered  as  the  spatial  frequency 
spectrum  of  ^(/(x,y;z=0).  From  inverting  the  two  above  equations,  therefore,  an  expression  for  the  £-field  distribution  in  the 
origin  plane  may  be  found,  and  it  is  on  this  distribution  that  beam-mode  analysis  may  be  performed. 

For  the  mode  analysis  itself,  firstly  a  value  for  the  beamwidth  parameter  w  must  be  chosen.  As  discussed  previously,  this 
choice  is  entirely  arbitrary,  so  that  some  optimizing  criterion  should  be  applied  for  the  results  to  be  genuinely  useful.  In  this 
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case,  since  the  main  concern  is  to  couple  to  quasi-optical  systems,  that  of  maximum  fundamental  mode  power  is  the  most 
logical  choice. 

For  this  part  of  the  procedure,  the  amplitude  distribution  of  the  .E-field  is  taken,  multiplied  by  each  Gauss-Hermite  mode  in 
turn,  and  integrated  over  the  whole  available  cross-section,  thus  exploiting  the  orthonormal  property  of  the  functions.  The 
result  of  this  integration  is  the  modulus  of  the  coefficient  of  that  mode,  with  the  chosen  width  parameter,  in  the  E-field  data. 
The  relative  power  carried  by  each  mode  is  then  given  by  the  square  of  its  coefficient,  and  the  total  power  of  the  beam  by  the 
integral  of  the  field  squared,  so  that  the  fractional  power  in  each  mode  is  given  by  the  ratio  of  these  quantities.  The  optimum 
width  parameter  is  thus  found  by  evaluating  this  ratio  for  the  fundamental  mode  over  a  range  of  values  of  w,  until  a 
maximum  is  found. 

Using  this  optimum  w,  the  integration  procedure  is  then  repeated,  but  this  time  including  both  the  amplitude  and  phase  of  the 
E-field,  so  that  the  result  is  the  set  of  complex  mode  coefficients,  C„„.  For  clarity,  these  coefficients  are  normalized  relative  to 
the  fundamental,  dividing  each  by  Qo. 

6.  RESULTS 

The  above  procedtne  was  used  to  analyse  the  principal  planes  of  the  8  GHz,  10  GHz,  and  12  GHz  measurements  described 
previously  for  modes  up  to  n  =  20,  and  the  resulting  coefficients  for  10  GHz  were  used  to  reconstmct  a  theoretical  far-field 
pattern,  to  check  the  accuracy  of  the  analysis.  The  results  of  this  reconstmction,  in  comparison  to  the  original  measurements, 
are  given  in  Figures  5  and  6,  and  show  that  the  described  method  is  accurate  out  to  about  60°,  although  some  of  the  smaller 
ripples  in  the  E-plane  are  not  resolved.  Resolution  and  range  could  be  improved  beyond  that  presently  available  by  the  use  of 
greater  range  and  finer  resolution  in  the  discrete  Fourier  transforms  used,  and  by  the  correspondingly  larger  number  of  modes 
which  it  would  then  become  feasible  to  consider.  However,  this  would  represent  a  considerable  increase  in  the  processing 
time  and  power  required. 


Fig5.  lOGHz  H-plane,  measured  (dashed)  and  synthesized  (solid) 
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Angle  (degrees) 

Figure  6.  I  OGHz  E-plane,  measured  (dashed)  and  synthesized)  (solid) 

A  graphical  summary  of  the  results  for  all  three  frequencies  is  given  in  Fig  7,  in  terms  of  the  magnitudes  of  the  coefficients 
for  each  mode  plotted  on  a  logarithmic  scale.  The  frll  results  for  10  GHz,  with  both  the  magnitude  and  phase  of  the  mode 
coefficients,  are  given  in  Table  I.  The  optimum  beamwidths  chosen  for  each  plane,  and  the  percentage  of  power  contained 
within  the  fundamental  mode  for  these  values,  are  given  in  Table  II.  Also  included  is  the  theoretical  percentage  of  power  that 
would  be  contained  within  a  two-dimensional  astigmatic  fundamental  mode  (i.e.  the  Woo  mode),  calculated  from  the  product 
of  the  E-  and  H-plane  Uq  mode  fractional  powers.  From  these,  it  can  be  seen  that  at  the  design  frequency,  10  GHz,  E-  and  H- 
plane  beamwidths  are  approximately  equal,  and  that  with  increasing  frequency,  the  optimum  H-plane  beamwidth  increases, 
whilst  the  optimum  E-plane  width  decreases.  Note  that  although  operation  at  12  GHz  appears  to  give  a  superior  antenna 
pattern,  the  beam  is  much  less  Gaussian  in  the  E-plane,  leading  to  a  lower  overall  fundamental  mode  power. 


Figure  7.  Magnitudes  of  beam-mode  coefficients  for  mode  number  n  (continued  over  page). 
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Figure  7.  Magnitudes  of  beam-mode  coefficients  for  mode  number  n  (continued  fi:om  previous  page). 

7.  DISCUSSION 

This  paper  has  presented  preliminary  results  of  a  beam-mode  analysis  of  a  novel  antenna  suitable  for  monolithic  fabrication 
using  micro-machining  techniques.  The  antenna  has  3  dB  beam-widths  of  about  30°  in  the  E-  and  H-planes,  with  sidelobes 
and  cross-polar  levels  below  -12  dB  and  -8  dB  respectively.  It  has  been  shown  that  83.7%  of  the  co-polar  power  is  in  a 
fundamental  Gaussian  beam-mode.  This  compares  favourably  with  the  corrugated  horn,  in  which  98%  of  the  power  is  carried 
in  a  fundamental  beam-mode',  the  hexagonal  horn,  with  86%  in  the  fundamental  mode'’,  and  the  diagonal  horn,  for  which  the 
figure  is  84%'*. 

The  beam-mode  analysis  technique  has  been  developed  to  take  measured  far-field  antenna  patterns  (both  amplitude  and  phase 
are  required)  and  return  a  set  of  constituent  Gauss-Hermite  beam-mode  coefficient  amplitudes  and  phases.  It  gives  the 
optimum  beamwidth  w  for  maximum  coupling  to  a  fundamental  Gaussian  beam-mode  and  an  estimate  of  the  proportion  of 
the  beam  power  that  is  contained  -within  the  fundamental  mode.  At  present  the  beam-mode  analysis  software  works  in  one 
dimension  only,  but  extension  to  two  dimensions  is  possible  and  planned,  given  sufficient  computing  power.  Future  work 
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will  be  directed  towards  interpreting  the  phase  term,  to  allow  determination  of  the  phase-front  radius  of  curvature,  and  hence 
the  distance  from  the  origin  plane  (that  containing  the  centre  of  rotation  of  the  test  antenna)  to  the  beam-waist  location. 


£-plane 

/7-plane 

n 

CfCo 

^„/radians 

m 

CJCo 

^„/radians 

0 

1 

0.480247 

0 

1 

0.493025 

1 

0.130914 

2.21826 

1 

0.151572 

-1.8745 

2 

0.13308 

-1.37411 

2 

0.0135094 

-1.98053 

3 

0.169338 

-0.64896 

3 

0.0157304 

1.92694 

4 

0.0406663 

1.43679 

4 

0.0512979 

1.69454 

5 

0.0685385 

-2.85263 

5 

0.0102604 

-0.393332 

6 

0.0495264 

-7t/2 

6 

0.037599 

-0.332572 

7 

0.0313954 

0.0852643 

7 

0.0124508 

% 

8 

0.0347832 

2.07883 

8 

0.0180998 

-2.55819 

9 

0.0266603 

-2.73206 

9 

0.00878356 

1.06804 

10 

0.0275616 

-1.17138 

10 

0.0131925 

1.45059 

11 

0.0158033 

1.03328 

11 

0.00657027 

-1.0805 

12 

0.0196471 

2.49113 

12 

0.0132072 

-0.635746 

13 

0.0110288 

-2.88985 

13 

0.00689672 

-2.87263 

14 

0.0131154 

-0.839602 

14 

0.0116836 

-2.24627 

15 

0.00872837 

1.32953 

15 

0.0056798 

1.84271 

16 

0.0155907 

2.16369 

16 

0.00636919 

2.90613 

17 

0.0100894 

0.586469 

17 

0.00439873 

0.452823 

18 

0.012847 

-0.664033 

18 

0.0012461 

2.35634 

19 

0.0148933 

-2.19207 

19 

0.00199762 

-1.1969 

20 

0.0054728 

2.35619 

20 

0.00452317 

-nil 

Table  I:  Normalized  mode  coefficients  and  relative  phases  for  lOGHz,  E-  and  H-planes. 


Beamwidth/m 

Fundamental  mode  power 

Frequency 

H-plane 

E-plane 

H-plane 

E-plane 

Total 

8GHz 

0.01019 

0.01379 

96.0% 

91.5% 

87.8% 

lOGHz 

0.012025 

0.01220475 

91.0% 

92.0% 

83.7% 

12GHz 

0.01327 

0.0101 

99.2% 

70.5% 

69.9% 

Table  II:  Optimum  beamwidths  and  fundamental  mode  powers. 
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ABSTRACT 


We  analyse  the  precision  of  a  quasi-optical  null-balance  bridge  reflectometer  in  measuring  waveguide  characteristic 
impedance  and  attenuation  using  a  one-port  de-embedding  technique  after  taking  into  accoimt  errors  due  to  imperfect 
coupling  of  two  fundamental  Gaussian  beams.  In  order  to  determine  the  desired  precision,  we  present  in-waveguide 
measurements  of  characteristic  impedance  and  attenuation  for  a  WR-8  adjustable  precision  short  in  the  75-110  GHz 
frequency  range  using  a  Hewlett-Packard  HP  8510  vector  network  analyser. 


INTRODUCTION 


This  paper  presents  measurements  of  characteristic  impedance  and  attenuation  for  a  WR-8  waveguide  adjustable  precision 
short  in  the  75-1 10  GHz  frequency  range.  Measurements  were  performed  using  a  HP  8510  vector  network  analyser  calibrated 
with  a  TRL  (Thru-Reflect-Load)  technique.  We  use  a  one-port  de-embedding  technique  to  evaluate  characteristic  impedance 
and  attenuation  of  waveguides  from  a  series  of  Sn  measurements.  The  precision  in  the  measurements  indicate  the  levels  of 
performance  required  if  one  is  to  use  a  quasi-optical  technique  to  measure  these  parameters.  In  our  previous  analyses  we  have 
evaluated  the  precision  of  a  quasi-optical  null-balanced  bridge  reflectometer  in  complex  reflection  coefficient  measurements  , 
after  taking  into  account  the  quantisation  error  in  the  grid  angle  and  micrometer  readings,  the  transmission  or  reflection 
coefficient  at  the  surface  of  a  planar  sample,  the  noise  equivalent  power  of  the  detector,  the  source  power  and  the  post¬ 
detection  bandwidth.  More  recently  we  have  evaluated  the  propagation  of  errors  to  waveguide  characteristic  impedance  and 
attenuation  using  the  same  de-embedding  technique^  that  was  employed  here.  In  our  previous  treatment  we  have  not  taken 
into  account  misalignment  errors  between  the  instrument’s  test  port  and  the  device  under  test  and  this  is  the  subject  of  the 
current  paper. 


REPEATABILITY  MEASUREMENTS  ON  A  VECTOR  NETWORK  ANALYSER 


In  order  to  establish  the  levels  of  performance  that  would  have  to  be  achieved  by  a  quasi-optical  system,  Sn  measurements 
in  the  75-1 10  GHz  frequency  range  were  performed  on  a  commercially  available  WR-8  adjustable  waveguide  precision  short 
with  its  back-short  position  varied  between  2  to  5  mm  in  increments  of  1  mm  (Figures  1  and  2).  A  HP  8510  vector  network 
analyser  calibrated  with  a  TRL  (Thru-Reflect-Load)  technique  was  used  for  this  purpose.  Measurements  were  repeated  by 
moving  the  adjustable  back-short  in  the  other  direction  so  that  the  combined  error  in  Sn  composed  of  the  precision  of  the  HP 
8510  and  of  the  error  in  accurately  placing  the  back-short  in  the  exact  position  could  be  determined  (Figures  3  and  4). 
Performing  in-waveguide  measurements  using  the  network  analyser  eliminate  possible  alignment  errors  that  would  be  present 
if  the  measurements  were  performed  with  free-space  propagating  beams.  It  can  be  observed  that  the  amplitude  errors  in  the 
S|i  measurements  are  of  the  order  of  0.005  dB  and  the  errors  in  the  phase  are  of  the  order  of  0.005  rad. 
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Figure  1 .  In- waveguide  Si  i  amplitude  measurements  of  a  precision  adjustable  short  with  the  back-short  position  adjusted  at  2, 
3,  4  and  5  mm  using  the  HP  8510  vector  network  analyser. 


Figure  2.  In-waveguide  S|  i  phase  measurements  of  a  precision  adjustable  short  with  the  back-short  position  adjusted  at  2,  3, 4 
and  5  mm  using  the  HP  8510  vector  network  analyser. 


Figure  3.  Typical  amplitude  errors  in  Sn  measurements  of  the  same  precision  adjustable  short  based  on  repeatability 
measurements  using  the  HP  8510  vector  network  analyser. 
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Figure  4.  Typical  phase  errors  in  Sn  measurements  of  the  same  precision  adjustable  short  based  on  repeatability 
measurements  using  the  HP  8510  vector  network  analyser. 


QUASI-OPTICAL  COUPLING  AND  DE-EMBEDDING 


Figure  5  shows  a  null-balance  quasi-optical  bridge  reflectometer  capable  of  measuring  complex  reflection  coefficients  of 
samples  in  the  millimetre  and  sub-millimetre  frequency  range.  The  system  uses  tungsten  wire  polarising  grid  beam  splitters, 
reflectors  and  a  train  of  lenses  to  control  the  diffractive  spreading  of  the  beams.  A  corrugated  feed  horn  fitted  at  the  source 
ensures  Gaussicity  of  the  beam  with  minimal  astigmatism.  Different  waveguide  lengths  are  coimected  to  a  corragated  feed- 
horn  antenna  and  the  antenna-waveguide  structure  is  positioned  in  the  test  arm  of  the  reflectometer. 


Figure  5  Projection  of  the  coupling  assuming  a  fimdamental  Gaussian  beam-mode  laxmched  from  a  corragated  hom-lens 
system  of  a  null-balance  bridge  reflectometer  to  another  corragated  horn  system  with  different  waveguide  lengths  attached  to 
its  end. 
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For  the  case  where  both  the  source  S  and  receiving  antenna-waveguide  system  A,  are  fundamental  Gaussian  beam-modes, 
UA(x,y,z)  and  Us(x,y,z),  the  relative  amplitude  of  a  coherently  detected  signal  is  given^’'*’^  by  the  overlap  or  coupling  integral 
<Ua|Us>: 


y,  z)Us  (x,  y,  z)dxdy 


(1) 


evaluated  over  any  convenient  constant  z-plane,  C.  If  and  Us  are  both  normalised  to  umty  power,  i.e.  <Ua\U^  and 
<1/51  Us>  are  both  equal  to  1,  the  maximum  possible  value  for  <Ua\Us>  is  1  and  this  value  is  obtained  if  the  modes  Ua  and  Us 
are  co-axial  and  have  equal  and  co-incident  beam- waists,  otherwise  <Ua\Us>  will  be  less  than  1  indicating  an  imperfect 
match  of  incident  signal  to  the  receiving  antenna-waveguide  system. 

For  coaxial  modes  with  non-co-incident  beam  waists  of  different  size,  it  can  be  shown  that  the  coupling  coefficient  expressed 
in  terms  of  the  beam- waist  sizes  wqa  and  wos  and  the  separation  of  the  beam  waists  A  =  -  Zgs ,  is: 


(2) 


where  Wg  =  ^jwgAWgs  and  Wq  =  ( Wo.4 ^  +  Wqs ^ ) / 2  .  Furthermore,  the  corresponding  phase  term  from  the  coupling  integral 
gives  a  phase  error  term:  (ii  =  tan”'[(A/Awo)J-M.  For  beams  with  equal  beam-waists,  setting  woA=wor^o,  equation  2 
simplifies  to  |  =  [l  +  (M/iS:^Wo  Close  observation  of  equation  2  shows  that  the  larger  the  value  of  ^0, 

the  greater  the  tolerance  for  A. 

For  laterally  displaced  modes  at  a  distance  d,  where  and  Us  have  parallel  but  not  coincident  axes,  the  coupling  integral  is. 

{Ua\Us)u, \Us)g  expM' /d^)  (3) 

where  d^  and  {U  a  \Us)g  denotes  the  value  for  ^f->0  and  is  given  from: 

{UA\Us)g=(l^of[ik^^iyY^^  (4) 


In  a  similar  manner,  for  rotationally  displaced  modes  where  Ua  and  Us  are  inclined  at  a  small  angle  0,  the  coupling  integral 
is: 

{Ua  I  Us =  {Ua  I  Us  )g  expM^  / 0^ )  (5) 
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where  =  [(Swq  J. 

It  is  convenient  to  treat  any  misalignment  in  a  uniform  maimer  and  therefore  an  alignment  product  A  is  defined  so  that: 


^  =  {^a\Us)JUa\Us),AUa\Us)^,^: 


(6) 


Furthermore,  each  1-port  test  piece  can  be  considered  to  be  a  length  of  waveguide  terminated  in  a  short  and  connected  to  the 
reflectometer  by  a  2-port  device  consisting  of  a  further  length  of  waveguide  and  the  feed  antenna.  The  situation  is  illustrated 
in  Figure  5.  For  a  perfectly  coupled  reciprocal  2-port  device  with  scattering  matrix  S  the  complex  reflectance  is  related  to 

the  load  reflectance  F^,-  by: 


rs/,„ 


11  +  (“^21  '^11  ^22) 


^~^Li^22 


(7) 


The  terminating  reflectance  Ti/  depends  on  the  complex  propagation  constant  of  the  waveguide  ^  and  the  length  /,•  with  the 
waveguide  lengths  chosen  so  that  I2  =l-i  12  =  1^  I2>  and  calculations  performed  in  length  units  of  2/2 .  It  is  assumed  that  the 
shorts  are  loss-less.  The  unknown  parameters  in  equation  7  can  be  found  by  terminating  with  four  different  load  reflectances 
and  solving  the  resulting  set  of  simultaneous  equations.  The  terminal  plane  is  defined  by  the  location  of  the  short  in  the 
shortest  length  of  waveguide.  In  order  to  take  into  account  imperfect  coupling  and  thus  move  to  the  terminal  plane  defined  by 
the  beam  waist  in  the  test  port  of  the  reflectometer  equation  7  must  be  modified  taking  into  account  the  coupling  coefficient: 


meas  true 


(8) 


where  Cr  is  the  error  in  the  true  Tc,  due  to  coupling  losses.  For  a  given  misalignment  can  be  written  as 

Fc  =A^r^-  where  \  <  A  <0  and  the  squared  term  arises  to  take  into  account  the  coupling  losses  in  the  double-pass 

oimeas  ottrue  ^ 

nature  of  the  measurements.  For  rotationally  displaced  modes: 


Or..  = 


^  ^[simesLaO  =  — (jg  =  =  2/lF<;,.,„,/ ^]aG 


dG 


dA  dG 


(9) 


—  \aG,  it  follows  that  Or  =2/lFc;,,  oA  so  that  the  error  in  the  calculated  propagation  constant  due  to 

y8G  J  " 


Setting  oA  = 

rotationally  displaced  modes  may  be  calculated  from  F j,-  with  four  different  waveguide  lengths  from: 


4  f 


^^ra,  -JS 


i=l  Si  meas  ) 


(10) 
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where  explicit  forms  of  the  and  -— -  terms  are  shown  in  the  appendix. 

sr^,  5r„  sr54 

Similar  arguments  can  be  made  for  laterally  and  axially  displaced  modes  after  setting  aA  =  {dAI  dd)crd  and 
(tA  =  {dA  /  9a)oA  respectively,  so  that  the  total  error  in  the  propagation  constant  can  be  calculated  from  the  sum  of  squares  of 
the  independent  errors: 


4 


2  2  2 

ai  +cTi  +ai 

^axial  S/af  Sro 


(11) 


The  propagation  constant  ^  is  related  to  the  attenuation  a  and  guide  wavelength  =  2;r  /  kg  (where  kg  is  the  guide  wave- 
number)  through  ^  and  can  be  calculated  from  with  four  different  waveguide  lengths  from: 


C  _  1  ^54153  +  fsifsz  ~  2r53r5l  ~  154152  +  fsif54  +  T52IS3 
2  Tsirs3  +  I's2rs4  ~  rsirs4  ~  rsalsa 


±  — 
2 


■<J^s2  ~  i'sTa/ ^154153152  r52rs'i^  ~  31~53^T;2  +  2r^)r52r53  -  4r^4r;ir;2  2r;4r53r5i  4r53r^i  r;4r53  +  4r53  r^i + 3r54r^i 


151153  + 152154  “  151154  ~  152153 


(12) 


Alternatively,  the  simultaneous  equations  can  also  be  solved  to  give  the  S-parameters  for  the  connecting  2-port: 


r'stl^SS  +^5ll"52  "^531^51  "Tssl^Sl 
r52  +'3'52  ~'^S3  “I'si 


5^,  =±V?^VrV^ 


4 


l"sir52 


I'ssi'si  ■*'r.52r.53  —r. 


52^  53 


52 


■\/^(r52 +^52  ^53  r5i) 


r52^  +1" 52  ~^51  ~1"53 
^(r52  +^52  -^53  -rsi) 


(13) 


(14) 

(15) 


The  errors  in  the  Sn  due  the  coupling  coefficient  may  be  calculated  after  replacing  equation  12  in  equation  13  and  using: 


o-5ii 


g^ii 

ar 


cr  Tji  + 


51  J 


dSu 

\  J 


4 


a^r 


52 


dS, 


V  ®1'53  2 


cr^r 


53  ' 


SSn 

ar 


a^r 


54 


54 ; 


(16) 
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RESULTS 


In  the  following  section  we  present  theoretical  errors  in  the  coupling  coefficient  for  a  100  GHz  beam  assuming  unequal 
beam-waist  sizes  of  Wo5=4  mm,  and  4  and  6  mm.  The  error  in  the  coupling  coefficient  due  to  axial  positioning  error  of 

the  test  piece  is  given  from: 


aA,,,={dAide)cje  =  {u^ \Us)\-2{eie,)txv[-e^  iel)\y9 


(17) 


The  error  in  the  coupling  coefficient  due  to  lateral  positioning  error  of  the  test  piece  is  given  from: 


04, „  =  (dA /dd}T9  =  (UJUs 1- 2(d / d, )exp(- ! d] 


(18) 


The  error  in  the  coupling  coefficient  due  to  longitudinal  positioning  error  of  the  test  piece  is  given  from: 


axial  ={dA/dA)c7A  = 


Wo'A 


r 


-<tA 


(19) 


Rotational  error  (degrees) 


Figure  6.  Error  in  the  coupling  coefficient  due  to  rotational  error  assuming  wo5=4  mm  and  a),  woa-2  mm  b)  wqa-A  mm  and  c) 
nun. 
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Figure  7.  Error  in  the  coupling  coefficient  due  to  lateral  error  assuming  wo5=4  mm  and  a),  Wo^-3  mm  b)  wo^-4  mm  and  c) 
>^0^=6  mm. 


^^axial 


=\{dA/8A)cTA 


Figure  8.  Error  in  the  coupling  coefficient  due  to  longitudinal  (axial)  error  assuming  wo5=4  mm  and  a),  woa-3  mm  b)  wqa-A 
mm  and  c)  wqa-^  nim. 


CONCLUSIONS 


Although  the  type  of  errors  described  in  this  paper  apply  to  a  quasi-optical  null-balance  bridge  reflectometer,  ffee-space 
quasi-optical  measurements  using  the  HP  8510  or  the  AB  millimetre  vector  network  analysers  and  the  same  de-embedding 
procedure  would  incorporate  the  same  errors  in  the  measured  Sn-  The  propagation  of  the  errors  described  in  Figures  6,  7  and 
8  to  the  calculated  characteristic  impedance  and  attenuation  in  waveguides  will  be  discussed  at  the  conference. 
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APPENDIX 

The  sensitivity  of  the  propagation  constant  to  can  be  calculated  from: 


1  -  2r^3  +  rj4  -  — 


1  ~  '^^54)'  +2r^2rS3  “'*rs4rs2  “2^54^53  -SrjiFjj +4(^53)  +6r^|rj4  f  - 3  ^ 

- p  ilz-(3/r,a-r,4)pJ 

2  4^^ 


sr^i  2  “p 

The  sensitivity  of  the  propagation  constant  to  can  be  calculated  from: 


(r^3-ri4) 


JL-1 

ar^a "  2 


^si  ■  2r^4  +  rj3  ■ 


- i - 2 - 4^2  -G3 


The  sensitivity  of  the  propagation  constant  to  can  be  calculated  from: 


^"2 


1  (V^ 32  ~  ^54  ~  ~ ^ryir34  ~ ^E.?4r?3  +  r  1. - \  i 

2  _ _P _ I  [Z-yr^a  -r^4  j  Pj(p  _j-  \ 

M  >Tr2  '  S2/ 


4/4 


The  sensitivity  of  the  propagation  constant  to  r54  can  be  calculated  from; 


5^  1 

ars4  2 


1+  /,  ^  .p-lkEii  ^^‘'^[4r„rs3-4r^ir;a-2r„r;i-(r„)^+3(r^i)^]  r  1. - \  i 

2(Vr,a-r,4j  2  p  ^  1  lz-(Vrv^)  pj 


4" 


444 


(r^a-r^,) 


where; 

^  +  r52r54  -  r5ir54  -  f^jF^j 


p  -  •\/^rs4f^3i^2  +  fs2(^^i)^^^3(rs3)f^2  +  2rj|r53r^2^^4rVir^4^^2^^2i^4r^3r^i  4rj3(F5i)  rj4(r53)  +4(Fj3)  r5i-i-3r54(rj|) 


z  =  F54F53 + F^jF^j  -  2F5,r53  -  2r54r52 + F51F54 + 
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ABSTRACT 

Fermi-surface  traversal  resonance  (FTR)  is  caused  by  the  periodic  motion  of  carriers  in  a  magnetic  field  across 
open  sections  of  Fermi  surface  (FS).  Owing  to  the  warping  of  the  FS,  the  real  space  velocities  of  the  carriers 
oscillate,  generating  resonances  in  the  high  frequency  conductivity  which  may  be  described  by  a  semiclassical 
model.  A  rectangular  resonant  cavity,  oscillating  at  70  GHz,  which  can  rotate  in  the  external  magnetic  field, 
has  been  used  to  confirm  the  existence  of  the  effect  in  the  organic  metal  a-(BEDT-TTF)2KHg(SCN)4.  The 
data  contain  a  great  deal  of  information  about  the  FS,  including  the  direction  and  anharmonicity  of  warping 
components.  A  quantum  mechanical  model  is  presented  which  predicts  all  of  the  features  of  FTR  appearing 
in  the  semiclassical  model.  This  confirms  that  FTR  is  a  fundamental  property  of  low-dimensional  systems, 
existing  under  a  very  wide  range  of  conditions. 

Keywords:  Fermi  surface,  millimetre-waves,  magnetic  resonance,  semiclassical-quantum  correspondance 

1.  INTRODUCTION 

The  Fermi-surface  topologies  of  metals  have  been  studied  for  many  years^  using  techniques  such  as  the 
de  Haas- van  Alphen  (dHvA)  and  Shubnikov-de  Haas  effects  (SdH),^  and  more  recently,  angle  dependent 
magnetoresistance  oscillations  (AMRO).^  However,  much  information  can  also  be  gained  from  high  magnetic 
field  measurements  of  the  high  frequency  properties.  For  example,  cyclotron  resonance  (CR)  appears  as  a 
modulation  of  the  conductivity,  cr(w),  at  the  cyclotron  frequency,  u)c-  Interest  in  the  measurement  of  CR 
has  been  stimulated  by  the  desire  to  compare  the  carrier  mass  measured  in  CR  experiments  (the  dynamical 
mass,  renormalized  by  electron-phonon  interactions)  with  the  “bare”  band  mass  (obtained  from  bandstructure 
calculations  and  including  no  interaction  renormalizations)  and  the  effective  mass  obtained  from  SdH  and 
dHvA  oscillations  (which  is  renormalized  by  both  electron-phonon  and  electron-electron  interactions).^ 

Traditional  CR  arises  only  from  closed  Fermi  surface  orbits.  The  role  played  by  open  orbits  in  the  high 
frequency  properties  has  been  considered  by  several  groups  and  a  range  of  effects  has  been  suggested.®  ^  In 
this  paper  we  describe  a  new  effect  responsible  for  resonances  arising  from  the  traversal  of  charge  carriers 
across  quasi-one-dimensional  (QID)  sections  of  Fermi-surface  (FS),  Fermi-surface  traversal  resonances  (FTR). 
We  begin,  in  Section  2,  by  describing  a  semiclassical  model  predicting  FTR  and  its  characteristics.  In 
Section  3,  we  describe  an  experiment  that  employs  novel  millimetre-wave  techniques  to  measure  FTR  in  the 
organic  molecular  metal  a-(BEDT-TTF)2KHg(SCN)4.  A  simple  quantum-mechanical  model  of  a  system  of 
conducting  chains  is  used  in  Section  4  to  provide  an  alternative  explanation  for  FTR;  the  model  is  derived 
with  reference  to  the  semiclassical  model  in  Section  2  cis  the  corresponding  features  of  FTR  emerge. 
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warping  axis 


Figure  1.  The  path  taken  by  a  carrier  across  a  warped  QlD  Fermi  surface  when  (a)  B  is  parallel  to  the 
warping  axis  and  (b)  B  is  at  an  angle  to  the  warping  axis.  The  small  arrows  indicate  the  real  space  velocity. 


2.  SEMICLASSICAL  DESCRIPTION  OF  FTR 

When  a  magnetic  field  B  is  applied  to  a  metal,  a  carrier  of  charge  q,  velocity  v  and  wavevector  k  experiences 
the  Lorentz  force,  hk  -  q{v  x  B).  The  velocity,  v(k)  =  h~^VicS(k),  is  by  definition  perpendicular  to  the 
surfaces  of  constant  energy.  Therefore  a  carrier  on  the  FS  follows  a  path  defined  by  the  intersection  of  the 
plane  perpendicular  to  B  with  the  FS.  Thus  the  particle’s  real  space  velocity  may  evolve  with  time  in  different 
ways  depending  on  the  orientation  of  B  with  respect  to  the  FS.  Using  the  Boltzmann  transport  equation, 
Eqn.  1,  the  evolution  of  the  particle’s  velocity  can  be  related  to  its  contribution  to  the  frequency-dependent 
conductivity  of  the  metal.^’’^ 


(fk 


a/o(k)- 
a^(k) . 


Ui(k,  0) 


pO 

/  Uj(k,  t)  cos(a;t)e‘/’’dt 
J  —00 


(1) 


Here,  r  is  the  relaxation  time,  ni(k,  t)  is  the  ith  component  of  the  velocity  of  a  carrier  with  wave  vector  k  at 
time  t,  /o(k)  =  +  1)“^  is  the  Fermi  function  and  a(k)  is  the  energy  of  the  carrier. 

Fig.  1  shows  two  possible  paths  followed  by  a  charged  particle  across  a  section  of  a  simple  QlD  FS  in  the 
presence  of  a  magnetic  field,  B,  lying  in  the  plane  of  the  sheet.  In  (a),  where  B  is  parallel  to  the  warping 
axis,  the  particle  follows  a  path  parsdlel  to  the  corrugations.  Its  real  space  velocity  is  well  correlated  with  the 
velocity  at  an  earlier  time;  this  kind  of  trajectory  contributes  to  the  d.c.  conductivity,  and  there  is  a  peak  in 
the  angle- dependent  magneto-conductivity  for  this  magnetic  field  orientation.^’^  In  (b),  the  trajectory  crosses 
the  peaks  and  troughs  of  the  FS  sheet  and  the  component  of  the  velocity  parallel  to  the  sheet  oscillates.  We 
can  see  the  effect  that  this  oscillatory  velocity  will  have  on  the  high-frequency  conductivity,  by  considering 
the  contribution  to  the  conductivity  of  a  single  carrier. 


pO 

(7yy{uj)  (X  Vy{0)  Vy{t)cos[ut)e^^'^dt 

J  —CO 


(2) 


which  is  the  part  of  Eqn.  1  that  is  integrated  over  all  carriers  at  the  Fermi  surface  to  obtain  the  total 
conductivity.  If  we  have  an  oscillatory  velocity  component,  Vy{t)  =  uq  cos(a;i£)t),  then 


<y(«)  ^ 


(wiD  -|-  ^  (WID  —  Uj)^  + 


(3) 


Thus  we  find  that  there  is  a  resonance  in  the  high-frequency  conductivity  when  uj  =  ljid,  the  frequency  of 
oscillation  of  the  real-space  velocity.  The  amplitude  of  the  resonance  in  the  conductivity  is  proportional  to 
the  square  of  the  amplitude  of  the  velocity  oscillation. 

The  frequency,  ljid,  of  the  oscillatory  component  of  v  is  proportional  to  sintp,  where  V’  is  the  angle  B 
makes  with  the  warping  axis;  the  velocity  oscillation  is  induced  by  the  component  of  B  perpendicular  to 
the  warping  axis.  In  a  real  experiment,  the  magnetic  field  is  swept  while  the  conductivity  is  measured  at  a 
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known  fixed  frequency  (see  Section  3),  wq-  Since  k  is  proportional  to  B,  the  magnetic  field  at  which  resonance 
occurs,  Br,  is  given  by 

^  =  ^sin^  (4) 

B-p 

where  is  a  constant  of  proportionality.  This  characteristic  behaviour  enables  the  resonances  to  be  identified. 

In  real  systems  the  warping  will  be  more  complicated.  We  can  define  a  general  QID  FS  sheet  in  an 
orthorhombic  crystal  (lattice  parameters  a,  h  and  c),  given  by 


£:(k)  =  hVF{\kx\  -  tpq  COS(Rp5  ■  k||  +  (ppq) 

PyQ 


(5) 


where  Rpg  =  {0,pb,  qc)  are  real  space  vectors  which  define  the  corrugations  and  cppq  are  phase  factors.®’®  As 
the  particle  crosses  this  FS,  each  nonzero  tpq  generates  an  oscillatory  component  in  the  velocity,  and  each 
oscillatory  component  of  the  velocity  generates  an  FTR  as  described  by  Eqn.  3.  By  observing  the  resulting 
FTRs  in  the  high  frequency  conductivity,  one  is  measuring  the  Fourier  components  of  the  QID  FS  sheet.  For 
a  non-sinusoidally  warped  FS,  there  will  be  resonance  harmonics  at  fields  Br  given  by. 


tup 

Br 


=  nA 


(6) 


where  n  is  an  integer.  For  example,  if  a  FS  is  defined  by  Rio  and  i?20  with  tio  =  oct2o,  there  is  a  FTR  harmonic 
at  half  the  magnetic  field  of  the  fundamental.  The  amplitude  of  the  oscillatory  part  of  the  real-space  velocity 
is  proportional  to  the  size  of  the  tpg  causing  it,  so  the  ratio  of  the  amplitudes  of  the  conductivity  resonances 
is  given  by  a®. 

Since  k  =  gufRy/fi,  where  vp  is  the  Fermi  velocity,  and  the  period  of  the  warping  in  reciprocal  space  is 
217 /Rpg,  the  minimum  time  a  particle  takes  to  cross  one  warping  period  is 

27r  _  27rfi 
wp  RpgqvFB^^ 


Thus  A  in  Eqn.  4  is  related  to  Rpg  by 


^  _  qvp  Rpg 
h 


(8) 


By  analogy  with  the  definition  of  the  carrier  mass  measured  in  CR,  m^ji,  given  by  Wc  =  QB/rriQji,  which 
is  a  measure  of  how  rapidly  a  carrier  traverses  a  closed  FS  orbit,  we  can  define  a  QID  “mass”,  mjp,  which 
is  a  measure  of  how  rapidly  a  carrier  crosses  a  QID  corrugation  or,  equivalently,  how  rapidly  it  crosses  the 
Brillouin  zone.  Then,  for  a  carrier  traversing  parallel  to  the  warping  axis. 


(jJiD  = 


qB 

mlo 


(9) 


or  equivalently,  =  q/A. 

3.  MEASUREMENT  OF  FTR  IN  AN  ORGANIC  MOLECULAR  METAL 

Charge  transfer  salts  of  the  organic  molecule  BEDT-TTF®  provide  a  fascinating  class  of  highly  two-dimensional 
conducting  systems.  The  BEDT-TTF  cations  form  layers  separated  by  non-conducting  anion  layers.  The 
overlap  of  the  7r-orbitals  of  the  BEDT-TTF  is  large  in  the  inplane  direction  and  small  in  the  interplane 
direction;  the  resulting  bandstructure  is  highly  two-dimensional.  Owing  to  the  small  number  of  molecular 
orbitals  involved  in  the  bandstructure  formation,  the  FSs  are  usually  very  simple,  often  containing  closed 
quasi-two-dimensional  (Q2D)  and  open  quasi-one-dimensional  (QlD)  sections.®  This  underlying  simplici¬ 
ty,  combined  with  the  wide  variety  of  groundstates  exhibited  by  the  materials  (including  superconductivity, 
density-waves  and  magnetic  order)  and  the  availability  of  very  high  quality  crystals^®  has  lead  to  a  great  the¬ 
oretical  and  experimental  interest  in  BEDT-TTF-based  conductors.  Many  recent  measurements,  including 
magnetic  breakdown,^^  observation  of  the  bulk  quantum  Hall  effect^®  and  high  field  de  Haas-van  Alphen 
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Figure  2.  The  definition  of  the  angles  6,  <j),  ip  and  ipo  in  a  real  experiment.  The  axes  are  defined  with  respect 
to  the  sample. 

oscillations,^^  indicate  that  the  QID  FS  sections  are  vital  in  detemining  the  behaviour  of  the  BEDT-TTF- 
based  metals.  New  methods  of  detecting  and  probing  these  FS  sections,  such  as  measurement  of  FTR,  are 
therefore  of  special  interest  to  experimentalists  in  this  field. 

The  d.c.  and  low  frequency  properties  of  the  organic  molecular  metal  a-(BEDT-TTF)2KHg(SCN)4  have 
been  extensively  studied.  Below  about  8  K,  the  material’s  FS  is  thought  to  contain  very  warped  QID  Fermi 
sheets  caused  by  a  charge-  or  spin-density-wave  induced  reconstruction.^^  Since  very  high  quality  single 
crystals  of  this  material  are  available,  it  was  chosen  as  a  suitable  candidate  in  which  to  look  for  FTRs. 

The  high  frequency  (i.e.  >  10  GHz)  properties  of  organic  molecular  metals  have  proved  difficult  to  measure; 
the  single  crystals  are  very  small  and  the  carrier  densities  are  rather  high.  To  address  these  difficulties,  we 
have  designed  a  very  sensitive  system  for  measuring  the  angle-dependent  magneto-conductivity  of  organic 
molecular  metals  at  around  70  GHz  using  a  rectangular  resonant  cavity.  While  cylindrical  cavities  are  simpler 
to  manufacture,  the  rectangular  geometry  has  important  advantages  in  the  measurement  of  organic  molecular 
metals.  The  resonant  modes  of  a  rectangular  cavity  are  separated  by  large  intervals  in  frequency  space^®;  the 
number  of  cylindrical  modes  is  much  larger  and  their  relative  frequencies  are  strongly  dependent  on  the  exact 
proportions  of  the  cavity.  The  presence  of  a  metallic  sample  can  lead  to  mixing  of  the  cylindrical  modes,  and 
hence  uncertainties  about  the  sample’s  electromagnetic  environment.^® 

The  cavity  is  of  dimensions  6  mm  x  3  mm  x  1.5  mm,  resonating  in  the  TE102  mode  with  a  quality  factor 
of  1500  when  empty  and  about  1000  with  a  sample  present.  The  high  frequency  field  distribution  in  the  cavity 
is  very  well  defined,  and  the  sample  is  placed  in  an  antinode  of  the  oscillatory  magnetic  field,  H,  such  that 
H  lies  parallel  to  the  conducting  planes  of  the  sample.  The  induced  currents  then  have  a  component  in  the 
direction  of  low  conductivity.  The  skin  depth  in  this  regime  is  rather  larger  than  the  sample  dimensions  and 
the  millimetre-wave  field  penetrates  the  sample  completely.  The  currents  induced  in  the  sample  dissipate 
power  from  the  cavity’s  millimetre-wave  field;  for  small  changes,  the  change  in  the  cavity’s  quality  factor 
is  proportional  to  the  change  in  the  sample’s  conductivity.^®"^®  Thus  the  change  in  the  amplitude  cavity 
transmission  is  proportional  to  the  change  in  the  sample’s  conductivity.  Since  the  conductivity  anisotropy  is 
very  large,  power  dissipation  is  almost  entirely  due  to  interplane  currents  and  it  is  the  interplane  conductivity 
which  is  probed  by  the  measurement.^®”^® 

To  measure  the  angle-dependent  high  frequency  conductivity,  the  sample  must  be  rotated  with  respect 
to  the  steady  magnetic  field.  However,  it  is  important  that  the  high  frequency  field  rotates  with  the  sample; 
if  the  sample  moves  with  respect  to  the  high  frequency  field,  the  nature  of  the  measurement  is  completely 
changed.  Thus  the  cavity  must  rotate  with  the  sample  through  the  steady  magnetic  field;  this  is  possible  in 
our  system,  in  contrast  to  earlier  resonant  measurements. 
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^  =  20°  (p  =  40° 

Warping  component 

A/loo 

Ipo 

A/wq 

ipo 

m*jy/me 

One 

0.51 

141° 

0.58 

146° 

0.73  ±  0.05 

Two 

0.46 

25° 

0.46 

27° 

0.86  ±0.01 

Table  1.  Parameters  obtained  from  the  fits  of  Eqn.  12  in  Fig.  3(b) 


In  our  experiment,  the  swept  quasistatic  magnetic  field,  B,  did  not  in  general  lie  in  the  plane  of  the  QID 
Fermi  sheets,  but  instead  the  plane  of  rotation  of  B  made  an  angle  <j)  with  the  plane  of  the  QID  sheets  (see 
Fig.  2).  The  angle  which  B  makes  with  the  sample,  6,  and  the  angle  of  rotation  of  the  component  of  B  in 
the  plane  of  the  QID  sheet,  ip,  are  related  by 

tan  ^  =  tan  0  cos  (/>  (10) 

and  the  magnitude  of  the  in-plane  component  of  B  is 

B||  =  B\J sin^  9  cos^  (p  +  cos^  6  (11) 

Using  these  relations,  we  can  transform  our  measurement  coordinates,  B  and  6,  into  the  in-plane  coordinates, 
B\\  and  ip.  The  results  can  then  be  more  easily  interpreted  in  terms  of  the  theory  presented  above. 

The  range  of  reciprocal  magnetic  field  space  in  which  magnetic  resonances  are  observable  is  limited  at  the 
lower  end  by  the  maximum  magnetic  field  available,  15  T,  and  at  the  upper  end  by  the  condition  wr  >  1, 
where  u  is  the  frequency  and  r  is  the  scattering  time.  In  addition,  our  experimental  apparatus  had  a 
background  absorption  at  a  magnetic  field  of  2  T,  which  tended  to  obscure  features  due  to  the  sample  in  this 
region  of  field.  In  this  experiment,  the  reciprocal  field  range  accessible  was  therefore  from  0.07  to  0.5  T“^. 

The  transmission  of  the  cavity  containing  the  sample  was  measured  as  a  function  of  magnetic  field,  B, 
for  a  range  of  cavity  angles,  6,  and  for  two  azimuthal  angles,  (p  =  20°  and  40°,  corresponding  to  rotation  of 
the  sample  inside  the  cavity.  Figure  3(a)  shows  the  amplitude  transmission  of  the  cavity  versus  B  for  several 
values  of  6  with  -10°  <  0  <  25°.  A  fall  in  the  cavity  transmission  corresponds  to  an  increase  in  the  sample’s 
conductivity.  The  temperature  is  1.4  K  and  the  measurement  frequency  is  70.7  GHz. 

The  background  absorption  can  be  seen  at  2  T.  This  feature  is  present  in  the  absence  of  a  sample;  it  is 
independent  of  cavity  orientation  and  temperature.  At  2.5  T,  a  very  sharp  absorption  can  be  seen.  This  is 
a  spin  resonance  of  the  charge  carriers,  corresponding  to  a  ^-factor  very  close  to  2.  The  field  resolution  of 
the  apparatus  is  insufficient  to  study  this  absorption  in  detail,  and  its  size  is  dependent  on  the  rate  at  which 
the  magnetic  field  is  swept.  At  high  fields,  oscillations  appear  which  are  periodic  in  1/B.  These  are  the  SdH 
oscillations  in  the  high  frequency  magnetoconductivity. 

At  intermediate  fields,  two  resonances  are  apparent.  Their  positions  are  strongly  dependent  on  the  cavity 
angle.  One  moves  up  in  B  and  the  other  moves  down  as  0  is  varied;  they  cross  each  other  when  0  =  10°.  The 
inset  in  Figure  3(a)  shows  the  positions  of  the  resonances  in  reciprocal  magnetic  field  as  a  function  of  9.  It 
is  immediately  apparent  that  their  positions  follow  the  form  expected  for  the  new  QID  resonances  described 
earlier  (see  Eqn.  4),  with  each  of  the  two  ‘arches’  corresponding  to  a  warping  component  in  the  QID  Fermi 
sheet. 

In  Figure  3(b)  the  same  resonances  are  plotted  in  terms  of  the  in-plane  coordinates,  B\\  and  ip,  together 
with  the  resonances  observed  at  the  second  azimuthal  angle.  The  solid  lines  are  fits  to  the  equation 

^  —  sin(^  -I-  ipo)  (12) 

B\\  Wo 

with  A  and  ipo  as  free  parameters.  In  this  modification  of  Eqn.  4,  ipo  corresponds  to  the  direction  of  the 
warping  component  generating  the  resonance. 

Table  1  contains  the  values  of  A  and  ipo  obtained  from  the  fits  of  Eqn.  12  in  Figure  3(b).  There  is  good 
agreement  between  the  values  obtained  from  each  of  the  azimuthal  angles,  (p.  These  results  imply  that  there 
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Figure  3.  (a)  Amplitude  cavity  transmission  as  a  function  of  magnetic  field  for  a  range  of  angles,  9.  The 
temperature  is  1.4  K.  is  20°.  The  traces  are  offset  for  clarity.  The  inset  shows  the  positions  of  the  resonances 
as  a  function  of  6.  (b)  Resonance  positions  in  in-plane  coordinates  defined  in  Eqns.  10  and  11,  for  (j>  =  20° 
and  <t>  =  40°.  After  Ardavan  et  al.}^ 


are  two  warping  components  in  the  QID  Fermi  sheet,  with  axes  at  143°  ±  3°  and  26°  ±  1°  to  the  crystal  b 
direction  (the  direction  of  low  conductivity).  The  values  of  nijp,  defined  in  equation  9,  are  0.63  ±  .05  and 
0.86  ±  0.01  respectively  in  units  of  rrie,  the  free  electron  mass.^® 

4.  QUANTUM  MECHANICAL  DESCRIPTION  OF  FTR 

Each  of  the  features  of  FTR  predicted  by  the  semiclassicaJ  description  described  earlier  can  be  reproduced 
by  a  simple  quantum  mechanical  model.  In  this  Section,  the  model  is  derived;  reference  is  made  to  previous 
Sections  as  correspondences  between  the  semiclassical  and  quantum  mechanical  models  emerge.  The  quantum 
mechanical  model  is  an  extension  of  the  method  of  Yakovenko  and  Goan^®  and  is  mathematically  similar  to 
the  description  of  the  Wannier-Stark  ladder.^® 

4.1.  Formulation  of  the  problem 

Consider  a  set  chains  parallel  to  x,  labelled  by  the  index  n  and  separated  by  a  distance  b  in  the  y-direction, 
arranged  in  a  plane  (see  Fig.  4);  carriers  move  freely  in  the  chains.  In  the  absence  of  any  interactions  between 
the  chains,  the  eigenfunctions  of  the  system  are  given  by  the  product  of  a  plane  wave  along  the  chain  and  a 
transverse  wavefunction  representing  the  occupation  of  a  particular  chain, 

1^)  =  (13) 

where  the  integer  n  is  the  index  of  the  occupied  chain.  We  use  the  linearized  Hamiltonian, 

H  =  hvpkx  (14) 
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Figure  4.  Schematic  of  the  chains,  showing  the  chain  indices,  the  transitions  corresponding  to  ti  and  ta  and 
the  chain  separation. 


since  we  consider  only  the  carriers  close  to  the  Fermi  surface.  Since  the  carriers  are  confined  to  a  single  chain, 
the  only  contribution  to  the  energy  is  from  motion  along  the  chain,  and  the  corresponding  Fermi  surface  is 
formed  by  the  planes  kx  —  ikp. 

Adding  hopping  between  the  chains,  the  Hamiltonian  becomes 

71  ~  hvpkx  —  d"  (15) 

i 

where  c\^J^^Cn\<Pn)  =  \4>n+i)  and  U  gives  the  strength  of  the  transfer  between  chains  i  apart.  The  presence  of 
the  hopping  terms  modifies  the  eigenstates  of  the  system;  a  carrier  is  no  longer  confined  to  a  particular  chain 
so  its  wavefunction  is  now  distributed  across  many  chains.  The  eigenstates  become 

\^m)  =  'Y^amn\<l>n)  (16) 

n 


The  hopping  allows  carriers  to  move  in  the  transverse  direction.  This  implies  that  the  Fermi  surface 
corresponding  to  the  Hamiltonian  in  Eqn.  15  has  warping  components  in  the  fcydirection.  Indeed,  the  U  in 
Eqn.  15  are  closely  related  to  the  transfer  integrals  used  in  tight-binding  calculations  of  the  bandstructure® 
and  the  tpq  defining  the  Fermi  surface  geometry  in  Eqn.  5.  If  only  t\  is  non-zero,  there  is  a  single  warping 
component  and  the  Fermi  sheets  are  sinusoidally  warped  in  the  ky  direction.  Higher  order  t,  generate 
harmonics  of  the  warping,  and  thus  non-sinusoidally  warped  Fermi  sheets. 

In  the  semiclassical  description  of  FTR,  a  magnetic  field  perpendicular  to  the  warping  axis  causes  real- 
space  velocity  oscillations  of  the  carriers  as  they  cross  the  Fermi  surface.  Adding  a  magnetic  field  of  strength 
B  parallel  ^  to  the  current  model,  and  choosing  a  gauge  such  that  the  vector  potential  is  A  =  {-By,  0,0), 
we  apply  the  tranformation 

hkx  ->  hkx  —  qAx  =  hkx  —  qBy  —  Tikx  -f  eBnb.  (17) 

Thus  the  Hamiltonian  becomes 

Ti  =  VF  (—ih 


^  +  eBnbj  -  ^  ti{cl+iC„  -f  cl_ 

'  4 


.)■ 


(18) 


Operating  on  the  states  |i^„)  with  Ti,  we  find  that 

'H\(^n)=  n^\(pn)  -  ti{\<l>n+i)  +  |0n-i))  (19) 

i 
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Figure  5.  Results  of  the  diagonalization  of  %  for  t\  —  lOfi.  (a)  The  eigenenergies,  En  of  |^n)-  (b)  The 
probability  density  functions  of  states  l^s),  I^ts)  and  1^142)- 


where  fl  =  eBbvf. 

If  we  confine  the  carriers  to  only  the  chains  1  <  n  <  by  imposing  the  boundary  conditions  |0„}  =  0 
for  n  <  1  and  n>  N,  the  Hamiltonian  can  be  written  as  a  finite  matrix, 


n 

— tl 

—h 

-*3 

—tw 

—ti 

2n 

-*2 

-tN-1 

-h 

-ty 

sn 

—ty 

-tN-2 

— tjv-l 

-tN-2 

—ty  (njv  —  l)n 

—ty 

—tN 

-tN-1 

—*2  —ty 

Un^ 

(20) 


that  can  be  diagonalized  numerically.  The  mth  eigenvector  of  this  matrix  is  |Cm):  the  components  of  the  mth 
eigenvector  of  this  matrix  are  the  Omn  in  Eqn.  16,  and  the  eigenvalues  are  the  corresponding  transverse-motion 
energy  levels  of  the  system. 


4.2.  The  eigenstates 

In  the  absence  of  any  interactions  between  the  chains,  U  =  0  for  all  i,  'H  is  already  diagonal,  and  the  states 
li^n)  form  the  eigenstates  of  the  system  with  the  corresponding  eigenenergies  J5„  =  nfl.  Thus  there  is  a 
magnetic  field-induced  ladder  of  states  equally  separated  by  an  energy  which  is  proportional  to  the  strength 
of  the  z-component  of  the  magnetic  field;  the  photon  frequency,  fl/fi,  corresponding  to  the  energy  separation, 
is  the  same  as  the  FTR  resonance  frequency  in  Eqn.  7  (since  the  magnitude  of  Rpq  in  Eqn.  7  is  6,  and  the 
charge  on  the  carrier  is  e).  However,  these  states  axe  not  connected  by  the  dipole  operator;  optical  transitions 
between  these  states  are  not  possible.  This  is  to  be  expected;  semiclassically,  this  corresponds  to  the  case 
where  the  Fermi  sheet  is  not  warped  and  the  carrier’s  real-space  velocity  does  not  oscillate  as  it  crosses  the 
sheet.  Thus  it  cannot  cause  a  resonance  in  the  high-frequency  conductivity  by  coupling  to  an  oscillatory 
electric  field. 


4.2.1.  First  order  hopping 

Sinusoidal  warping  of  the  Fermi  sheet  is  introduced  by  making  ti  non-zero.  Fig.  5(a)  shows  the  eigenenergies  of 
the  new  eigenstates  |^m),  Em/^,  plotted  against  m,  obtained  by  diagonalizing  Ti  for  the  case  where  ti  =  lOfi 
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Figure  6.  Transition  matrix  elements  (Cm|y|^m+i)  for  i  =  1  (solid)  and  ?  =  2  (dashed),  calculated  for 
ti  =  loa. 

and  N  =  150.  Again,  the  eigenenergies  form  a  ladder,  Em  —  Tnfl,  except  near  the  edges;  the  significance  of 
the  states  near  the  edges  is  discussed  below.  Fig.  5(b)  shows  plotted  against  n  for  the  three  eigenstates 
m  =  8, 75, 142.  is  the  probability  that,  in  the  mth  eigenstate,  the  nth  chain  is  occupied.  The  plots  in 
Fig.  5(b)  can  therefore  be  thought  of  as  real-space  probability  density  functions  for  the  eigenstates  l^g),  Kts) 
and  1642)- 

1^75)  is  a  state  that  exists  entirely  within  the  bulk  of  the  material;  the  probability  density  is  localised 
within  a  band  well  away  from  the  edges  of  the  crystal  (i.e.  well  away  from  the  chains  n  =  1  and  n  =  150). 
Within  the  band,  the  probability  density  is  concentrated  toward  the  edges.  Semiclassically,  the  particle  is 
moving  along  the  chain  direction  with  a  sinusoidal  transverse  oscillation.  It  spends  longer  near  the  limits  of  its 
excursion  than  near  the  centre,  since  the  transverse  velocity  is  smallest  at  the  limits  of  the  transverse  motion. 
The  states  j^s)  and  1^142)  are  edge  states;  their  probability  density  functions  do  not  vanish  at  the  edges.  The 
corresponding  semiclassical  orbits  are  skipping  orbits,  with  the  particle  executing  sinusoidal  motion  between 
successive  reflections  from  the  crystal  edge.  The  difference  between  the  edge  states  and  bulk  states  is  also 
reflected  in  their  eigenenergies.  The  energies  of  the  bulk  states  still  form  a  ladder  of  energies  separated  by 
n,  but  the  energies  of  the  edge  states  are  modified  by  the  extra  confinement  caused  by  the  proximity  of  the 
crystal  edge  and  the  separation  of  energies  increases.  This  is  the  reason  for  the  deviation  of  the  energies 
plotted  in  Fig.  5(a)  from  a  straight  line  toward  the  crystal  edges. 

With  interchain  interactions  in  place,  dipole  transitions  are  possible  between  the  states  1^^)-  In  the 
semiclassical  case,  the  oscillatory  electric  field  must  be  polarized  parallel  to  the  direction  of  the  oscillatory 
velocity  if  the  conductivity  resonance  is  to  be  detected.  The  corresponding  selection  rule  in  the  quantum 
case  is  that  the  dipole  operator  f  must  be  parallel  to  y,  the  transition  matrix  elements  that  follow  were 
calculated  for  this  case.  Fig.  6  shows  the  first  order  dipole  transtion  matrix  elements,  (^m|y|^m+i))  plotted 
on  a  logarithimic  scale  against  m  (solid  line).  The  second  order  transitions,  (^mlyl^m-l-z))  are  also  plotted 
(dashed  line).  The  first  order  transition  matrix  elements  between  neighbouring  bulk  states  are  uniform,  with 
an  energy  H.  These  transitions  correspond  to  the  first  harmonic  of  FTR  in  the  semiclassical  model.  The 
transition  probability,  |(^m|y|^m+i)P,  is  proportional  to  the  change  in  the  power  transmission  of  the  cavity  at 
the  resonance  field;  in  the  experiment  described  in  Section  3,  we  measure  the  amplitude  transmission,  which 
is  proportional  to  the  magnitude  of  the  matrix  element,  |(£TO|5|^m+i)|- 

Second  order  transitions  are  not  allowed  between  the  bulk  states.  This  is  also  consistent  with  the  semi¬ 
classical  description;  harmonics  of  FTR  occur  when  the  real-space  velocity  of  the  carrier  contains  harmonics. 
It  is  interesting  to  note,  however,  that  second  and  higher  order  transitions  do  occur  between  edge  states;  this 
is  because,  even  in  the  absence  of  higher  order  ti,  the  real-space  velocity  of  the  edge  states,  whose  orbits  are 
skipping  orbits,  have  higher-harmonic  content  as  a  result  of  the  skipping. 

If  the  ratio  fl/ti  is  increased  (i.e.  the  magnetic  field  strength  is  increased  for  a  constant  hopping  interac¬ 
tion),  it  is  found  that  the  probability  density  functions  of  the  states  \^m)  become  narrower;  the  effect  of  the 
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Figure  7.  Results  of  the  diagonalization  of  7i  for  ti  =  lOn,  t2  =  ti/10.  (a)  The  eigenenergies,  En  of  |^n)- 
(b)  The  probability  density  functions  of  states  l^s),  I^ts)  and  IChz)- 

magnetic  field  is  to  confine  the  carriers  to  narrower  orbits.  This  effect  is  also  observed  in  the  semiclassical 
model.  This  one-dimensionalization  and  its  effects  are  noted  by  Dupius  and  Montambaux.^^  At  large  mag¬ 
netic  fields,  the  carrier  is  confined  to  a  very  few  chains;  the  model  presented  here  breaks  down  in  this  limit, 
where  the  approximation  of  a  discretized  wavefunction  is  no  longer  valid  (in  this  model,  the  wavefunction  is 
only  defined  on  the  chains,  at  y  =  nb).  The  validity  of  the  semiclassical  model  also  becomes  dubious  in  this 
limit;  the  magnetic  field-induced  confinement  of  a  carrier  to  just  a  few  unit  cells  modifies  its  behaviour  in  a 
way  that  cannot  be  accounted  for  in  the  semiclassical  model. 

4.2.2.  Higher  order  hopping 

Fig.  7  shows  the  eigenenergies  and  eigenstates  obtained  by  diagonalizing  Ti  with  ti  =  lOfl,  t2  =  ti/10  and 
max  =  150.  As  before,  the  energies  of  the  bulk  states  form  a  ladder  with  a  separation  fl,  with  deviations  from 
the  ladder  by  the  edge  states.  The  most  notable  difference  between  the  bulk  states  shown  in  Fig.  7(b)  and 
Fig.  5(b)  is  that  the  probability  density  function,  while  still  peaked  at  the  limits,  is  no  longer  symmetrical 
about  the  central  occupied  chain.  In  the  semiclassical  model,  the  real-space  velocity  of  the  orbit  now  contains 
a  second  harmonic  component;  thus  the  real-space  orbit  path  becomes  somewhat  saw-tooth  shaped  and  the 
carrier  spends  more  time  to  one  side  of  the  orbit.  This  is  reflected  in  the  asymmetry  of  the  quantum- 
mechanical  probability  density  function. 

The  presence  of  the  second  harmonic  in  the  real  space  velocity  gives  rise  to  a  second  harmonic  of  the 
FTR  in  the  semiclassical  model.  As  expected,  the  quantum-mechanical  model  also  predicts  this.  The  second 
order  transition  matrix  element  (^mli/Km-t-z),  shown  dashed  in  Fig.  8,  is  now  finite  for  bulk  states.  These 
transitions  are  between  states  with  an  energy  difference  of  21).  In  the  FTR  experiment,  the  photon  energy  is 
kept  constant  (the  millimetre-wave  frequency  is  fixed  by  the  resonator  dimensions)  and  the  magnetic  field  is 
swept.  Since  fl  is  proportional  to  the  magnetic  field  strength,  these  second  order  transitions  will  occur  at  a 
magnetic  field  that  is  half  as  strong  as  the  field  for  the  fundamental  resonance;  this  is  in  agreement  with  the 
prediction  of  harmonics  occuring  at  lower  fields  than  the  fundamental  in  the  semiclassical  model. 

For  this  case,  where  12/ ti  =  0.1,  the  ratio  of  the  second  order  transition  matrix  elements  to  first  order 
transition  matrix  elements  is  0.01.  In  fact,  we  find  that  this  ratio  is  always  (t2/ti)^  for  the  bulk  states.  This  is 
in  agreement  with  the  ratio  of  the  amplitudes  of  the  resonances  in  conductivity  predicted  by  the  semiclassical 
theory  (see  the  paragraph  following  Eqn.  6). 
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Figure  8.  Transition  probabilities  (^m|y|fm+i)  for  i  =  1  (solid),  i  =  2  (dashed)  and  i  —  3  (dotted)  calculated 
for  ti  —  ion,  t2  =  ti/10. 

Fig.  8  also  shows  the  third  order  transition  probabilities  given  by  the  matrix  elements  (^Tnlyl^m+s);  which 
are  zero  for  the  bulk  states,  since  ta  is  zero  (though  third  order  transitions  occur  between  edge  states  for  the 
reasons  given  above)  In  general  we  find  that  if  ti  is  non-zero,  then  nth  order  transitions  are  allowed  between 
bulk  states,  and  the  transition  strength  is  given  by  tf ,  in  agreement  with  the  predictions  of  the  semiclassical 
model. 


5.  CONCLUSIONS 

We  have  described  the  origin  of  a  new  kind  of  magnetic  resonance,  FTR,  using  a  semiclassical  model  of  the 
high-frequency  magneto-conductivity  of  metals.  The  existence  of  FTR  has  been  confirmed  by  experiment.  An 
alternative  model  of  FTR  is  presented  using  a  very  natural  and  simple  quantum-mechanical  approach.  The 
semiclassical  and  quantum  models  agree  quantitatively  on  every  feature  of  the  new  effect.  The  significance  of 
these  results  lies  in  the  the  fact  that  the  two  models  predict  the  effect  from  quite  different  initial  assumptions. 
In  the  semiclassical  limit,  the  granularity  of  the  lattice  is  reflected  only  in  the  existence  of  the  Brillouin  zone 
and  the  Fermi  surface;  particles  are  considered  to  be  point  like  in  both  real  space  and  momentum  space,  and 
are  allowed  to  move  continuously.  In  the  quantum  mechanical  model,  the  granularity  of  the  lattice  appears 
explicitly;  we  consider  the  occupancy  of  each  chain  individually.  The  prediction  of  FTR  by  both  models 
indicates  that  it  is  a  fundamental  property  of  quasi-one-dimensional  systems. 
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ABSTRACT 


We  have  demonstrated  a  low  power,  optically-controllable,  THz  attenuator  capable  of  high  contrast  ratios  using  a  mixed 
type-I/type-H  quantum  well  sample.  When  high  firee-carrier  densities  are  optically  excited  in  the  quantum  wells  by  a  cw- 
laser,  the  transmitted  THz  intensity  can  be  controllably  reduced.  Normally  in  quantum  well  samples  high  carrier  densities 
cannot  be  achieved  using  low  power  excitation  densities  (mW/cm^),  because  the  carrier  lifetime  is  so  short.  This  is  not  the 
case  for  our  sample  which  consists  of  20  periods  of  a  narrow  and  a  wide  GaAs  well.  After  electron-hole  pairs  are  created 
via  optical  excitation  in  the  narrow  well,  they  are  separated  in  space,  because  the  electrons  are  rapidly  transferred  (within  30 
ps)  into  the  wide  well  via  an  X-valley  in  the  barrier  material.  The  carrier  lifetime  at  low  sample  temperatures  is  therefore 
extremely  long,  0.48  ms,  leading  to  high  carrier  densities.  Using  an  optical  excitation  power  of  2.1  mW  from  a  cw-HeNe 
laser,  the  transmitted  THz  intensity  can  be  reduced  by  60  %. 


Keywords:  THz  spectroscopy,  mixed  type  GaAs/AlGaAs  quantum  wells,  THz  attenuator 


1.  INTRODUCTION 

In  mixed  type-I/type-H  GaAs/AlAs  double  quantum  wells,  optically  excited  carrier  lifetimes  can  exceed  0.4  msec',  because 
electron/hole  pairs  are  spatially  separated.  Such  long  lifetimes  can  be  used  to  attain  extremely  high  carrier  densities  (-10'^ 
cm'^)  at  low  excitation  powers  (-0.09  W/  cm^).  We  have  been  able  to  exploit  these  properties  of  the  mixed  type  quantum 
well  sample  to  construct  an  optically  controlled,  THz  attenuator.  In  essence,  a  low  power  cw-HeNe  laser  is  used  to 
externally  control  the  carrier  density  in  the  quantum  wells.  Without  optical  excitation,  the  transmitted  THz  intensity  is 
attenuated  mainly  by  reflections  at  the  air-sample  surfaces.  After  optical  excitation  however,  the  THz  beam  is  reflected  and 
absorbed  by  the  free  carriers  in  the  quantum  wells  where  the  magnitude  of  the  reflection  and  absorption  can  be  controlled  by 
variation  of  the  carrier  density. 

Our  sample  consists  of  20  periods  of  a  double  quantum  well  structure.  The  narrow  (25  A)  and  the  wide  (68  A)  GaAs 
quantum  wells  are  separated  by  a  103  A  thick  AlAs  barrier  (see  fig.  1).  The  GaAs  substrate  has  been  removed  by  selective 
chemical  etching  to  allow  for  THz-transmission  measurements,  and  the  remaining  film  has  been  mounted  on  a  sapphire 
substrate.  Carriers  are  optically  excited  in  both  wells  by  an  unfocussed  cw-HeNe  laser  (X,  =  612  nm).  The  electron/hole 
pairs  in  the  wide  well  recombine  on  a  timescale  of  nanoseconds.  In  contrast,  electrons  excited  in  theP-valley  of  the  narrow 
well  are  transferred  to  the  X-valley  in  the  barrier  material  on  a  subpicosecond  timescale^.  The  subsequent  transfer  of  the 
electrons  to  the  F-valley  of  the  wider  well  occurs  on  a  time  scale  on  the  order  of  30  ps^.  This  spatial  separation  between 
holes  remaining  in  the  narrow  well  and  the  electrons  now  in  the  wide  well  leads  to  the  0.48  msec  carrier  lifetime  at  a  sample 
temperature  of  10  K'.  The  recombination  rate  of  these  electron-hole  pairs  is  dominated  by  the  tunneling  rate  of  heavy  holes 
from  the  narrow  well  into  the  wider  well**. 
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Figxire  1;  Schematic  diagram  of  the  conduction  and  valence  band  edges  of  the 
mixed  type-I/type-II  quantum  wells  along  with  the  relevant  n=l  electron  and  heavy 
hole  energy  states.  The  electrons  after  optical  excitation  are  transferred  from  the 
narrow  well  to  the  wide  well  and  are  therefore  spatially  separated  from  the  holes 
remaining  in  the  narrow  well. 


Our  THz  pulses  are  generated  using  the  scheme  developed  by  Grischkowsky  et  al.^  which  consists  of  an  ultrafast 
photoconductive  switch  as  THz  emitter  and  a  receiver  antenna  as  detector  (see  fig.  2). 
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Figure  2;  A  sketch  of  the  experimental  setup.  The  quantum  well  sample  is  mounted  in  a  cryostat. 

For  our  measurements  discussed  here,  we  focussed  with  a  microscope  objective  20  mW  of  800  nm,  100  fs  laser  pulses  from 
a  commercial  76  MHz  Ti-sapphire  laser  between  the  striplines  of  a  semi-insulating  GaAs  antenna  to  generate  free  carriers 
by  photoexcitation.  When  the  striplines  are  biased  by  up  to  40  V,  these  carriers  are  accelerated  and  subsequently,  because 
of  the  induced  space-charge  field  which  screens  the  bias,  are  decelerated.  The  emitted  radiation  is  proportional  to  the  time 
derivative  of  this  induced  photocurrent  and  is  in  the  THz-frequency  range.  The  resulting  THz-pulses  are  detected  by  a 
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silicon-on-sapphire  based  antenna.  Here  another  optical  pulse  gates  the  detector  antenna  by  exciting  carriers  which  are 
accelerated  by  the  the  biasing  electric  field  of  the  THz  radiation.  The  resulting  current  in  the  detector  is  proportional  to  the 
electric  field  of  the  THz  pulse  and  is  measured  using  the  fast  scan  technique®.  In  order  to  measure  the  complete  waveform 
of  the  THz  pulse,  the  optical  pulse  used  to  gate  the  receiver  antenna  is  delayed  with  respect  to  the  THz-pulse  and  for  each 
delay  the  detector  current  is  determined.  Typically  our  measurable  THz  spectrum  ranges  between  0.05-1.0  THz. 

The  sample  has  been  mounted  in  a  continuous  flow  liquid  He  cryostat  for  transmission  experiments  and  for  the 
measurements  discussed  here  the  sample  temperature  was  held  at  40  K.  The  cryostat’s  windows  are  composed  of  TPX,  a 
plastic  which  is  transparent  both  in  the  optical  and  THz  frequency  ranges’. 

A  2.6  mW,  612  nm,  HeNe  cw  laser  is  used  to  optically  excite  carriers  in  the  quantum  wells.  The  laser  has  not  been  focussed 
in  order  to  achieve  a  good  overlap  between  the  optical  beam  and  the  THz  pulses.  The  beam  waists  are  1.7  and  2.0  mm, 
respectively.  The  time  averaged  electron  and  hole  densities  in  the  quantum  wells  optically  excited  by  the  cw-laser  operated 
at  highest  power  (at  the  sample,  this  value  is  2.1  mW)  are  -10*’  cm"’. 


2.  EXPERIMENTAL  RESULTS 

Transmission  measurements  of  the  THz  waveforms  were  performed  for  HeNe  laser  intensities  on  the  sample  ranging  from 
0-2.1  mW.  In  figure  3,  we  show  the  measured  THz  waveforms  for  0,  0.6,  and  2.1  mWs.  The  THz-peak  signal  decreases 
with  increasing  optical  power  and  also  shifts  noticeably  to  shorter  delay  times  indicating  that  the  index  of  refraction  n(co)  of 
the  quantum  well  layers  has  changed.  This  shift  will  be  discussed  in  greater  detail  in  a  future  publication*. 


Delay  [ps] 

Figure  3:  Measured  THz-waveform  transmitted  through  the  mixed  type-I/type-H  quantum  well  sample  with  various  HeNe 

laser  powers  exciting  carriers  in  the  quantum  wells. 
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Figure  4:  Spectra  obtained  by  Fourier  transforming  the  waveforms  shown  in  fig.  3. 

In  figure  4,  the  corresponding  Fourier  transformed  spectra  are  plotted.  By  integrating  the  spectra  from  0.2-1. 0  THz,  we 
obtain  the  attenuation  of  the  THz  beam  as  it  passes  through  the  sample  (see  figure  5).  At  our  highest  cw-excitation  power 
(2.1  mW),  we  measure  a  60%  decrease  in  the  THz-intensity. 


Figure  5:  Dependence  of  the  transmitted  THz  intensity  on  the  HeNe  laser  power.  The  intensity  has  been  determined  from 
integrating  the  THz-spectrum  at  each  excitation  power  from  0.2  -  1.0  THz. 

We  attribute  the  attenuation  of  the  THz  intensity  to  free  carrier  absorption  and  to  an  increase  in  the  reflectivity  of  the  sample 
due  to  changes  in  the  index  of  refraction.  When  using  a  simple  Drude  model  to  fit  the  frequency  dependent  transmission  for 
various  HeNe  powers,  we  are  able  to  fit  the  data  quite  well  with  a  single  parameter.  Although  a  three  dimensional  model  of 
the  conductivity  may  seem  unreliable  for  a  quantum  well  heterostructure,  Chen  et  al?  have  been  able  to  obtain  good  results 
when  comparing  conductivities  determined  using  fits  to  THz  transmission  data  and  Hall  measurements.  In  our  model,  we 
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assume  that  the  density  of  carriers  in  each  of  the  quantum  wells  is  constant  and  neglect  any  reflections  at  the  quantum 
well/barrier  material  interfaces.  The  complex  dielectric  function  given  by  the  Drude  model'®  is: 


a 


2 

p 


(o(o)+iTfi, ) 


where  ea>=10.9,  (Op  is  the  plasmon  frequency  which  is  determined  by  the  calculated  electron  density,  and  Ffu  is  the  earner 
damping  rate.  By  inserting  the  reflection  of  the  THz  radiation  due  to  variations  in  the  index  of  refraction: 


(n-nf+k^ 
(n  +  n'f'  +k 


where  n  and  k  are  the  real  and  imaginary  parts  of  the  index  of  refraction  for  the  quantum  wells  and  n'  -  3.6  is  the  real  part  of 
the  index  of  refraction  for  the  surrounding  GaAs  material,  into  the  THz  transmission  : 


where  d=136  nm  (the  thickness  of  the  20  wide  quantum  wells),  ot=47tk/Xois  the  absorption  coefficient  and  ^is  the 
wavelength  of  the  THz  radiation,  we  are  able  to  fit  our  data  and  determine  Ff,,. 

In  figure  6,  we  have  plotted  the  normalized  THz  transmission  versus  frequency  for  0.6,  0.9,  and  2.1  mW  of  HeNe  power 
used  to  excite  carriers  in  the  quantum  wells.  The  lines  are  our  Drude  fits,  and  our  extracted  Fr,t  ranges  from  27-40  THz.  We 
find  that  the  simple  Drude  model  can  be  used  to  produce  good  fits.  However  in  order  to  obtain  more  quantitative 
information  about  our  THz  attenuator  sample,  a  more  sophisticated  model  is  needed  which  explicitly  includes  the  effects  of 
the  band  structure  and  therefore  properly  treats  intraband  absorption. 


Figure  6:  Normalized  THz  transmission  I/Iq  though  the  mixed  type  quantum  well  sample  versus  frequency  for  HeNe 
powers:  0.6,  0.9,  and  2.1  mW  used  to  excite  carriers  in  the  quantum  wells.  The  lines  are  fits  to  the  theoretical  model.  The 
insert  depicts  the  dependence  of  Fg,  on  the  excitation  power  or  carrier  density. 
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3.  CONCLUSIONS 


We  have  demonstrated  a  low  optical  power  controlled  THz  attenuator  using  a  low  power  cw-laser  and  a  mixed  type 
quantum  well  sample.  Using  2.1  mW  for  optical  excitation,  we  can  reduce  the  integrated  transmitted  intensities  by  up  to 
60%.  Using  a  simple  Drude  model,  we  have  shown  that  the  attenuation  of  the  THz  radiation  can  be  modeled  by  fitting  the 
carrier  damping  rate  Ffu  which  ranges  from  20-40  THz. 
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ABSTRACT 

RF  power  generation  of  IMP  ATT  diodes  at  mm-wave  frequencies  is  limited  mainly  by  thermal  effects.  The  challenge 
to  obtain  output  power  at  200  GHz  and  above  can  be  met  only  by  extremely  high  DC  current  densities  to  push  the 
characteristic  avalanche  frequency  near  to  the  oscillation  frequency.  The  active  devices  have  to  be  optinused  with 
regard  to  pure  IMP  ATT  mode  operation,  low  break-down  voltage  and  efficient  heat  dissipation.  Since  these  three 
conditions  influence  each  other,  a  compromise  is  necessary.  From  theoretical  simulations  (Monte  Carlo  simulation  and 
drift-diffusion  model)  a  double-drift  Read  IMP  ATT  diode  stmcture  results  which  is  capable  to  be  operated  at  DC 
current  densities  up  to  225  kA/cm^  for  short  pulses  of  50  ns  with  maximum  device  temperature  below  500  K.  The  initial 
material  is  grown  by  MBE  technique  taking  special  care  to  control  the  thickness  and  doping  concentration  of  the 
different  GaAs  layers.  The  individual  devices  are  fabricated  by  standard  photo-resist  technology  with  an  integrated  gold 
cone  on  top  which  adjusts  the  encapsulation  height  in  the  used  full  height  inductive  post  waveguide  resonator.  Thereby, 
a  low  loss  device  mounting  in  the  resonator  without  parasitic  elements  and  an  optimum  impedance  matching  of  diode 
and  resonator  can  be  realised.  By  means  of  different  double-drift  Read  IMPATT  stmctures  the  experimental  results  in 
terms  of  RF  output  power,  conversion  efficiency  and  oscillation  frequency  are  compared.  The  highest  output  power  so 
far  is  IW  at  176.5  GHz  with  5.5  %  conversion  efficiency.  At  a  frequency  of  210  GHz  0.25  W  output  power  and  1.8  % 
conversion  efficiency  were  realised  at  a  DC  current  density  of  225  kA/cml  The  experimental  results  are  in  good 
agreement  with  calculations  applying  a  pulsed  oscillator  model. 


Keywords:  GaAs  IMPATT  diodes,  RF  power  generation,  mm-waves,  pulsed  operation,  waveguide  resonator 


1.  INTRODUCTION 

Significant  RF  power  levels  from  fundamental  mode  GaAs  transit-time  devices  have  been  reported  under  CW  operation 
up  to  170  GHz  which  exhibit  an  excellent  noise  behaviour  ‘'I  Further  increase  of  the  oscillation  frequency,  however, 
seems  to  be  limited  mainly  by  the  thermal  properties  of  the  GaAs  material,  since  higher  current  densities,  which  are 
necessary  to  push  the  characteristic  avalanche  frequency  near  to  the  oscillation  frequency,  lead  to  an  unacceptable 
increase  in  device  temperature.  Therefore,  for  GaAs  transit-time  devices,  recently  intensive  efforts  have  been  made  to 
extract  RF  power  from  second-harmonic  operation  at  higher  frequencies 

In  the  present  paper,  the  increase  in  oscillation  frequencies  achieved  using  pulsed  GaAs  IMPATT  diodes  is  described. 
The  applied  devices  are  double-drift  Read  IMPATT  diodes,  which  have  been  already  successfully  realised  for  CW 
operation  at  upper  D-band  frequencies  (140  GHz  -170  GHz)',  fri  a  first  step,  the  devices  were  designed  for  a  DC  current 
density  of  175  kA/cm^  for  a  pulse  time  of  50  ns.  For  the  design  a  Monte  Carlo  Simulation  programme  for  the  high  field 
injection  region  and  a  large  signal  drift  diffusion  model  for  the  drift  zones  were  used.  For  higher  current  densities, 
necessary  to  receive  RF  output  powers  at  200  GHz  and  above,  the  devices  were  redesigned  under  the  point  of  view  to 
minimise  the  thermal  resistance  of  the  diode  chip.  As  a  result,  the  maximum  DC  current  density  could  be  further 
increased  to  225  kA/cml  The  experimental  results  of  RF  output  power  and  conversion  efficiency  demonstrate  the 
excellent  performance  of  these  powerful  devices. 
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2.  DEVICE  DESIGN 

The  devices  presented  in  this  paper  are  based  on  double-drift  Read  IMP  ATT  diodes  originally  realised  for  CW 
operation.  To  apply  the  devices  for  pulsed  operation  at  extremely  high  DC  current  densities,  the  design  of  the  structures 
has  to  involve  the  optimisation  of  both,  the  high  field  injection  region  and  the  drift  zones  for  electrons  and  holes, 
respectively.  For  the  calculations,  the  maximum  device  temperature  is  chosen  to  be  500  K. 

The  injection  region  is  designed  by  Monte  Carlo  simulations  which  take  into  accoimt  the  non-local  effects  of  carrier 
generation  due  to  impact  ionisation.  An  optimum  length  of  the  high  field  region  is  found  which  represents  a 
compromise  between  low  DC  voltage  across  the  injection  region  and  a  minimum  carrier  generation  due  to  Zener 
tunneling  The  low  DC  voltage  positively  affects  the  input  power  density  and  therefore  the  allowable  DC  cunent 
density  to  be  applied  to  the  active  device,  whereas  a  sufficiently  suppression  of  Zener  tunneling  leads  to  higher 
conversion  efficiency  in  the  IMPATT  mode.  Using  the  optimised  injection  region  from  Monte  Carlo  simulations,  the 
drift  zones  for  electrons  and  holes,  respectively,  are  optimised  for  very  high  current  densities  with  the  help  of  a  large- 
signal  drift-diffusion  model  To  prevent  drastic  degradation  in  conversion  efficiency  due  to  carrier  generation  the 
electric  field  in  the  drift  zones  has  to  be  below  breakdown  field.  Fig.  1  shows  the  electric  field  distribution  in  the  space 


Fig.  1:  Electric  field  distribution  of  the  applied  double-drift  Read  IMPATT  diode.  Parameter  is  the  doping 
concentration  of  the  drift  zones. 


charge  region  of  the  applied  double-drift  Read  IMPATT  diode.  The  calculations  were  performed  at  a  maximum  DC 
current  density  of  175  kA/cm^.  Parameter  is  the  doping  concentration  of  the  drift  zones.  It  is  clearly  visible  that  for  a 
doping  in  the  range  of  MO”  cm'^  which  represents  the  doping  level  for  the  CW  stracture,  the  electric  field  at  the  edge 
of  the  drift  zones  is  significantly  increased  and  thus  leads  to  unwanted  carrier  generation.  On  the  other  hand,  if  the 
doping  is  increased  the  electric  field  is  sufficiently  suppressed.  It  is  found,  that  for  a  doping  concentration  of  3.510” 
cm-’,  optimum  RF  power  densities  are  obtained  between  170  GHz  and  200  GHz  at  a  DC  current  density  of  175  kA/cml 
With  a  further  increase  of  the  doping  level,  the  RF  performance  could  not  be  improved  due  to  non  depleted  regions 
during  RF  modulation.  This  behaviour  is  shown  in  Fig.  2,  where  the  calculated  RF  power  density  is  plotted  against  the 
applied  DC  current  density  for  an  oscillation  frequency  of  190  GHz  (parameter  is  again  the  doping  concentration  of  the 


drift  zones).  It  can  be  seen,  that  the  DC  current  density  has  to  be  significantly  increased  to  obtain  higher  RF  output 
power  levels. 


Fig.  2;  Calculated  RF  power  density  against  DC  cinrent  density  of  the  applied  double-drift  Read  IMP  ATT  diodes. 
Parameter  is  the  doping  concentration  of  the  drift  zones. 


Starting  from  the  electronically  optimised  device  structure  with  maximum  DC  current  density  of  175  kA/cm^  the 
double-drift  Read  IMPATT  diode  was  redesigned  for  still  higher  current  densities  to  obtain  RF  output  power  at  elevated 
frequencies  above  200  GHz.  Nevertheless,  the  temperature  increase  during  the  pulse  time  must  be  controlled  in  order 
not  to  exceed  the  maximum  allowable  total  device  temperature  of  500  K.  This  leads  consequently  to  a  compromise 
between  the  electronically  and  the  thermally  optimised  stracture.  For  short  pulse  times  in  the  range  of  50  ns  to  75  ns, 
which  are  used  in  the  experiments,  the  thermal  behaviour  of  the  diode  is  mainly  affected  by  the  thermal  resistance  and 
capacitance  of  the  device  itself  and  only  little  by  the  heat  sink.  Therefore,  the  maximum  DC  current  density  for  a  given 
pulse  length  is  fairly  independent  of  device  area.  In  addition,  an  increase  of  the  applied  current  density,  i.  e.  an  increase 
of  the  input  power  at  fixed  device  temperature  can  be  achieved  only  by  reduction  of  the  lengths  next  to  the  heat 
generating  high  field  region.  Fig.  3  shows  the  schematic  stracture  of  the  GaAs  double-drift  Read  IMPATT  diode.  The 
numbers  in  brackets  beneath  the  single  layers  denote  the  values  of  the  foregoing  stracture  optimised  for  175  kA/cm^. 
The  results  of  the  simulation  clearly  show  that  the  high-field  region  must  not  be  altered  as  otherwise  the  IMPATT 
operation  mode  is  changed.  Also  the  length  of  the  drift  zones  for  electrons  must  not  be  changed  due  to  a  resulting 
strong  degradation  of  the  electronic  device  performance.  However,  as  shown  in  Fig.  3  the  remaining  layers  can  be 
diminished  leading  to  an  overall  improvement  of  the  device.  The  final  length  for  the  hole  drift  zone  and  the  p'*^-contact 
layer  is  only  30  nm.  The  n"^-contact  layer  can  be  reduced  only  to  a  total  thickness  of  about  500  mn  to  avoid  failure 
during  the  thermocompression  bonding  process.  Finally,  the  thickness  of  the  different  metallisation  layers  of  the  n""- 
contact  and  the  p*-contact,  respectively,  are  reduced  to  a  minimmn  value  where  still  optimmn  RF  performance  is 
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guaranteed.  With  this  redesigned  structure  an  increase  of  the  maximum  DC  current  density  of  about  25  %  seems  to  be 
feasible.  Thus,  the  doping  concentration  of  the  drift  zones  is  increased  to  4.5-10'''  cm'^  to  obtain  optimum  RF  output 
power  levels  at  that  elevated  DC  current  densities. 


Fig.  3;  Schematic  structure  of  the  applied  GaAs  double-drift  Read  IMP  ATT  diode  for  oscillation  frequencies  up  to  210 
GHz  at  a  DC  current  density  of  225  kA/cm^. 


3.  RESONATOR  STRUCTURE 

Generally,  the  realisation  of  oscillators  at  pulsed  operation  is  related  to  the  application  of  waveguide  resonators  with 
inductive  post  stmcture,  where  the  waveguide  height  is  reduced  to  1/3  of  the  normal  height  for  impedance  matching  of 
devices  with  relatively  large  areas.  Since  there  is  a  great  demand  on  mechanical  precision  and  tuning  behaviour  at  G- 
band  frequencies  (140  GHz  -  220  GHz,  waveguide  height:  650  pm),  the  application  of  this  resonator  stracture  appears 
quite  critical.  First  experiments  carried  out  at  upper  D-band  frequencies  (140  GHz  -170  GHz)  ’  and  simulations  from  a 
finite  element  programme  qualifies  also  the  full  height  waveguide  resonator  with  inductive  post  stmcture  for  pulsed 
operation.  Impedance  matching  of  the  active  device  and  the  load  resistance  can  be  achieved  for  oscillation  frequencies 
up  to  210  GHz  if  the  impedance  transformation  to  the  relatively  low  device  impedance  is  carried  out  by  appropriate 
choice  of  only  the  resonator  post  height  and  diameter,  respectively  (see  Fig.  4:  hpos,,  Conventional  stand-off 

technology  for  the  encapsulation  of  the  active  device  is  not  applicable  due  to  the  relatively  high  values  of  the  parasitic 
elements  and  the  small  degree  of  reproducibility.  Even  the  module  technique  which  represents  the  monolithic 
integration  of  an  active  element  and  the  surrounding  stand-off  stmcture  with  well  defined  parasitics  can  not  be  applied, 
since  also  the  parasitics  of  this  encapsulation  technique  lead  to  a  drastic  reduction  of  the  small  negative  device 
resistance  or  to  a  quenching  at  all.  Therefore,  a  new  mounting  technique  without  parasitic  elements  for  large  area 
devices  is  developed,  which  ensures  low  loss  impedance  transformation  of  the  investigated  double-drift  Read  IMP  ATT 
diodes.  By  the  help  of  standard  photoresist  technology  the  active  device  stmcture  and  a  trancated  cone  of  gold  on  top  of 
the  device  are  fabricated.  The  element  ensures  high  reproducibility  and  sensitive  adjustment  of  the  load  resistance  for 
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impedance  matching.  The  single  elements  are  thermocompression  bonded  on  a  metallised  diamond  heat  sink  on  the 
bottom  of  the  G-band  resonator.  The  total  applied  resonator  structure  consists  of  the  fall  height  waveguide  section  with 
inductive  post  stracture  and  a  sliding  short  for  tuning  as  illustrated  in  Fig.  4. 


inductive  post 
with 

low  pass  filter  ■  ■ — 


I _ ^  I  G-band 

waveguide 


flvimmlviv 


rf 


diode  with 
gold-cone 


Fig.  4:  Schematic  cross-section  of  the  applied  resonator  stracture,  with  low  loss  mounting  technique  of  the  active 
device. 


4.  EXPERIMENTAL  RESULTS 

The  applied  double-drift  Read  IMP  ATT  structures  are  grown  in  a  molecular  beam  epitaxy  system  on  GaAs  n"'- 
substrates.  During  growth,  attention  is  focused  on  exact  compliance  with  the  length  and  doping  concentration  of  the 
individual  layers.  The  diodes  have  been  optimised  with  regard  to  low  internal  losses  by  the  application  of  a  Ti-Schottky 
contact  on  the  highly  doped  n^-GaAs  layer '.  For  the  p*-ohmic  contact,  Ti/Pt/Au  is  used.  The  optimum  device  diameter, 
which  follows  from  RF  losses  in  both  diode  and  resonator,  is  between  25  and  40  pm.  The  active  device  structure  and  a 
truncated  cone  of  gold  on  top  of  the  device  are  fabricated  using  standard  photoresist  technology.  The  gold-cone  adjusts 
the  height  of  the  post  above  the  waveguide  bottom.  The  monolithic  realisation  of  the  element  ensures  high 
reproducibility  and  sensitive  setting  of  the  post  height  which  in  turn  leads  to  a  fine  adjustment  of  the  load  impedance 
for  matching.  The  single  elements  are  bonded  by  thermocompression  on  metallised  diamond  heat  sinks  on  the  bottom 
of  G-band  resonators  as  depicted  schematically  in  Fig.  4. 

In  Fig.  5  the  experimental  results  for  RF  output  power  and  conversion  efficiency  are  given  against  oscillation 
frequency.  A  maYitniim  DC  current  density  of  225  kA/cm\  which  is  equivalent  to  an  applied  DC  input  power  density 
of  2.5  MW/cm^,  could  be  applied  to  the  redesigned,  thermally  optimised  device  structures  for  a  pulse  length  of  55  ns.  In 
contrast  to  the  preceding  results  at  150  kA/cm^  and  175  kA/cm^  obtained  with  flie  foregoing  double-drift  Read 
IMP  ATT  diode  the  improvement  is  quite  impressive:  At  200  GHz  a  maximum  RF  output  power  level  of  0.7  W  with  a 
conversion  efficiency  of  4.2  %  is  realised.  This  is  a  progress  of  a  factor  of  more  than  2  as  compared  to  the  current 
density  of  175  kA/cm^.  The  maximum  oscillation  frequency  achieved  at  225  kA/cm^  is  210  GHz  with  still  0.25  W  RF 
output  power  and  1.8  %  conversion  efficiency.  For  a  value  of  the  total  losses  of  2-10‘*  Qcm^  the  results  are  in  good 
agreement  with  those  of  a  pulsed  oscillator  programme  where  oscillation  frequency  and  RF  output  power  can  be 
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Fig.  5:  Measured  peak  RF  output  power  and  conversion  efficiency  against  oscillation  frequency.  Parameter  is 
the  applied  DC  current  density. 


Fig.  6:  Impedance  locus  of  resonator  and  double-drift  Read  IMPATT  diode. 
G-band  resonator:  =  18  pm,  0^  =  500  pm  (see  Fig.  4) 

Diode:  DC  current  density  =150  kA/cm^,  T  =  500K 
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calculated  as  a  function  of  the  sliding  short  position  '®.  Herein  the  non  linear  device  is  characterised  by  the  drift 
diffusion  model  and  the  load  impedance  of  a  given  resonator  geometry  is  described  by  a  finite  element  programme.  Fig. 
6  shows  as  an  example  the  resonator  and  diode  impedance  loci  in  dependence  of  frequency  and  RF  voltage, 
respectively,  for  the  realised  oscillator  at  176.5  GHz.  At  the  point  of  intersection,  the  oscillation  condition  is  fulfilled 
and  stable  operation  of  the  oscillator  is  obtained.  From  the  calculations  RF  output  power  of  1  W  is  expected,  which  is 
exactly  the  value  obtained  in  the  experiments  (see  Fig.  5). 


5.  CONCLUSION 

With  the  help  of  Monte-Carlo  simulations  and  a  large-signal  drift-diffusion  model,  GaAs  double-drift  Read  IMP  ATT 
diodes  have  been  designed  for  pulsed  operation  up  to  210  GHz  at  DC  current  densities  of  225  kA/cml  An  appropriate 
resonator  stmcture  consisting  of  a  full  height  waveguide  section  with  inductive  post  stracture  is  realised  for  optimum 
impedance  matching  between  active  device  and  load  resistance.  Using  the  applied  mounting  technique  without  parasitic 
elements,  low  loss  impedance  transformation  of  the  negative  device  resistance  is  ensured.  RF  output  power  of  1  W  at 
176.5  GHz  with  5.5  %  conversion  efficiency  is  realised  at  a  DC  current  density  of  150  kA/cml  Since  a  maximum  DC 
current  density  of  225  kA/cm^  could  be  realised  in  the  experiments  which  a  thermally  optimised  stracture,  RF  power  of 
0.7  W  at  200  GHz  and  still  0.25  W  at  210  GHz  with  conversion  efficiencies  of  4.2  %  and  1.8  %,  respectively,  are 
obtained.  The  experimental  results  are  in  good  agreement  with  the  applied  oscillator  model. 
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ABSTRACT 

A  frequency  tripler  from  70  GHz  to  210  GHz  on  semi-insulating  GaAs  substrate  is  characterised.  Single-barrier  varactors  with 
symmetrical  capacitance-voltage  characteristic  are  chosen  as  non-linear  devices  which  simplifies  the  total  tripler  circuit,  i.e. 
no  idler  and  bias  circuits  are  necessary.  The  varactors  are  monolithically  integrated  and  connected  by  an  air  bridge.  The 
matching  network  is  realised  by  a  microstrip  network  next  to  the  varactor  and  fine  tuning  is  obtained  by  backshorts  in  input 
and  output  waveguides.  The  whole  circuit  including  the  varactor  is  computed  at  the  fundamental  and  harmonic  frequency 
using  a  simulation  programme  for  the  device  and  a  finite  element  programme  for  the  circuit,  respectively.  The  aim  of  this 
work  is  to  optimise  the  matching  network  to  achieve  maximum  tripler  performance.  Two  different  matching  networks  have 
been  calculated  indicating  the  influence  on  output  power  and  efficiency.  Experimental  results  are  presented  and  compared  to 
theory. 


Keywords:  GaAs  frequency  multiplier,  tripler,  single-barrier  varactor,  mm-waves 

1.  INTRODUCTION 

Multipliers  are  frequently  applied  for  rf-power  generation  at  mm-wave  frequencies  above  about  170  GHz  since  the 
performance  of  active  semiconductor  devices  is  relatively  poor  at  these  frequencies  '.  Although  satisfactory  results  have  been 
achieved  from  whisker  contacted  varactors,  there  is  a  large  interest  in  planar  devices  for  more  reproducible  fabrication  ’ . 
Mostly,  the  planar  varactors  are  implemented  in  the  rf-circuit  by  hybrid  techniques  Only  little  is  reported  in  the  literature 
on  monolithically  integrated  devices  for  multipliers,  though  the  advantage  of  the  control  of  the  parasitic  elements  for  optimum 
impedance  matching  is  obvious,  especially  at  elevated  frequencies.  Impedance  mismatch  is  one  of  the  main  performance 
limitations  of  frequency  multipliers.  In  this  paper,  the  theoretical  characterisation  of  a  frequency  tripler  from  70  GHz  to 
210  GHz  on  semi-insulating  GaAs  substrate  with  monolithically  integrated  single  barrier  varactor  is  described  and 
experimental  results  are  given. 


2.  NONLINEAR  DEVICE 

A  single-barrier  varactor  (SBV)  used  as  nonlinear  device  shows  several  advantages  as  compared  to  the  commonly  applied 
Schottky  diode  Due  to  its  symmetric  capacitance-voltage  characteristic,  only  odd  harmonics  are  generated,  which 
simplifies  the  multiplier  rf-circuit,  e.g.  for  triplers  no  bias  and  no  idler  circuits  are  necessary.  The  structure  of  the  applied 
GaAs/GaAlAs  SBV  is  shown  in  Fig.  1.  The  device  is  optimised  with  respect  to  low  leakage  current  across  the  hetero  barrier 
and  high  ratio  of  maximum  to  minimum  capacitance  using  a  simulation  programme  which  considers  thermionic  field 
emission  as  well  as  tunneling  The  GaAlAs  barrier  has  an  Al-concentration  of  55  %  and  a  width  of  20  nm.  The  GaAs 
depletion  layers  on  both  sides  of  the  barrier  consist  of  two  regions  with  stepwise  constant  doping  profile.  The  high  doping 
concentration  near  the  barrier  enhances  the  maximum  capacitance  and  the  lower  doping  concentration  in  the  adjacent  region 
allows  larger  space-charge  layer  modulation  resulting  in  a  smaller  minimum  capacitance  at  higher  voltage.  Details  about  the 
optimisation  of  the  GaAs/GaAlAs  SBV  can  be  found  elsewhere  *.  Fig.  2  shows  the  experimental  realised  current-voltage  and 
capacitance-voltage  characteristics.  Variation  in  the  voltage  changes  the  width  of  the  depleted  layer,  forming  a  voltage 
dependent  capacitance.  The  maximum  capacitance,  mainly  determined  by  the  width  of  the  GaAlAs  barrier,  is  obtained  at  zero 
voltage.  The  minimum  capacitance  appears  for  niaximum  applied  voltage.  The  ratio  of  maximum  to  mimmum  capacitance  is  a 
figure  of  merit  for  the  application  as  frequency  tripler. 
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Fig.  1 ;  Structure  of  an  optimised  single-barrier  varactor  for  frequency  tripling  from  70  GHz  to  210  GHz 


The  conduction  current  through  the  SBV  mainly  caused  by  thermionic  emission,  is  blocked  by  the  GaAlAs-barrier  at 
moderate  voltages.  For  not  too  high  voltages  the  conduction  current  is  much  lower  than  the  displacement  current  and  the 
device  performance  is  dominated  by  reactive  behaviour.  With  higher  voltages,  the  increasing  influence  of  the  conduction 
current  leads  to  a  mixture  of  reactive  and  resistive  currents  and  therewith  to  a  saturation  of  conversion  efficiency.  (The  results 
of  device  simulations  show  that  this  occurs  for  conduction 
current  densities  above  about  1  kA/cm^. ) 


(a)  (b) 

Fig.  2;  Characteristics  of  the  SBV  according  to  Fig.  1:  a)  current  density-voltage  b)  capacitance-voltage 
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3.  MICROSTRIP  CIRCUIT 

The  microstrip  circuit  is  realised  on  a  100  pm  thick  semi-insulating  GaAs  substrate  on  which  the  varactor  structure  is  grown 
by  MBE  technique.  Fig.  3a  schematically  shows  the  waveguide  mount  with  the  entire  rf-circuit  including  the  GaAs  chip. 


noncontacting 
®  backshorts 
(fundamental  frequency) 


. 

matching  network  /  ^ 

'///// . 


noncontacting 
backshorts 
I  (harmonic  frequency) 


(a) 


(b) 

Fig.  3:  a)  Schematic  view  of  the  waveguide  mount  and  GaAs  chip  including  the  rf-circuit  with  monolithically 
integrated  SBV  b)  Matching  network  with  optimisation  parameters 

The  tripler  consists  of  the  monolithically  integrated  GaAs  MMIC  containing  the  nonlinear  device  positioned  directly  in  the 
output  waveguide  and  connected  by  an  airbridge,  a  Tchebyshev  low  pass  filter  which  provides  the  decoupling  of  input  and 
output  signal,  as  well  as  the  matching  network  for  impedance  matching  at  input  and  output,  and  the  waveguide  moimt.  Input 
power  is  coupled  from  waveguide  to  microstrip  via  an  E-plane  transition.  The  waveguide  mount  is  splitted  into  two  mirrored 
symmetrical  halfs  with  full  height  waveguide  and  backshorts  for  impedance  fine  tuning  at  input  and  output  frequency, 
respectively.  The  matching  network  is  shown  in  detail  in  Fig.  3b.  Two  symmetric  microstrip  stubs  with  width  w  and  length  1 
are  positioned  in  the  output  circuit  of  the  GaAs  chip  and  have  a  certain  distance  d  from  the  varactor.  The  parameters  w,  1  and 
d  are  used  to  optimise  the  matching  network  for  maximum  output  power. 

4.  CIRCUIT  CHARACTERISATION  AND  LARGE  SIGNAL  ANALYSIS 

For  the  characterisation  of  the  tripler,  the  varactor  is  described  by  time-domain  current/voltage  solutions  and  its  impedances  at 
the  fundamental  and  the  harmonic  frequency  are  determined  by  a  large  signal  simulation  programme  based  on  Fourier 
analysis.  The  external  circuit  is  described  by  frequency-domain  current/voltage  solutions  and  its  impedances  including  the 
microstrip  components,  the  matching  network,  the  air-bridge,  and  the  waveguide  mount  are  determined  by  the  finite-element 
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programme  HFSS  (Hewlett  Packard).  The  non-linearity  of  the  device  is  implemented  by  the  experimental  realised 
capacitance-voltage  and  current-voltage  characteristics  according  to  Fig.  2.  The  critical  step  for  the  design  of  the  triplet  is  to 
dimension  the  matching  network  for  optimum  impedance  matching  at  both,  input  and  output  frequency.  Due  to  the 
monolithically  integrated  varactor,  however,  a  detailed  determination  and  reproducible  fabrication  of  the  device  parasitics  can 
be  achieved.  The  entire  circuit  is  computed  including  the  losses  of  the  GaAs  substrate,  the  metallisation,  and  the  waveguide 
mount. 

Fig.  4  shows  the  equivalent  circuits  for  input  (Fig.  4a)  and  output  frequency  (Fig.  4b),  respectively.  At  the  fundamental 


Fig.  4:  Equivalent  circuit  for  fundamental  and  harmonic  frequency 

frequency,  the  multiplier  is  pumped  by  an  external  source  and  for  power  matching  the  circuit  impedance  must  be  equal  to  the 
conjugate  impedance  of  the  device  and  the  losses  at  the  fundamental  frequency.  At  the  harmonic  frequency,  the  varactor 
shows  an  impedance  with  negative  real  part.  For  maximum  conversion  efficiency,  the  optimiun  varactor  unpedance  must  be 
matched  to  the  circuit  such  that  the  total  impedance  vanishes.  To  fulfil  these  conditions  at  input  and  output  frequency,  the 
parameters  of  the  network  shown  in  Fig.  3b  must  be  optimised.  The  variation  of  the  length  1,  the  distance  d  from  the  diode  and 
the  width  w  of  the  matching  stubs  transforms  the  circuit  impedances  at  fundamental  and  harmonic  frequency  in  a  wide  range. 
Furthermore,  the  insertion  depth  x  of  the  microstrip  to  waveguide  transition  (see  Fig.  3a)  can  also  be  used  as  matching 
parameter.  Fine  tuning  at  the  fundamental  frequency  is  achieved  by  the  backshort  in  the  input  waveguide  decoupled  at  the 
harmonic  frequency  by  the  low  pass  filter,  whereas  the  backshort  in  the  output  waveguide  is  only  relevant  for  the  harmonic 
frequency  due  to  the  high  cut-off  frequency  of  the  output  waveguide. 

Fig.  5a  shows  two  cases  for  the  circuit  impedances  (solid  lines)  at  the  fundamental  frequency  in  dependence  of  the  backshort 
of  the  input  waveguide.  The  parameters  of  the  different  matching  networks  are  given  in  the  insert.  As  can  be  seen  a  small 
change  (20pm)  in  the  distance  of  the  matching  network  from  the  varactor  delivers  two  distinct  different  impedance  loci  of  the 
input  impedance.  Additionally,  in  Fig.  5a  the  optimum  matching  impedance  locus  of  the  varactor  for  varying  device  area 

considering  the  device  losses  Z^'  is  plotted  (dashed  line).  Fig.  5b  shows  the  corresponding  circuit  impedance  loci 

for  the  two  cases  above  in  dependence  of  the  backshort  as  solid  curves  at  the  harmonic  frequency,  too.  Siimlar  to  the 
fundamental  frequency,  also  at  the  harmonic  frequency  the  optimum  varactor  matching  impedance  locus  is  depicted.  Optimum 
conversion  efficiency  is  reached  for  intersection  of  the  load  and  device  impedance  lines  at  both  fundamental  and  harmonic 
frequency.  This  intersection  point  defines  the  device  area  for  which  the  tripler  with  the  used  circuit  configuration  shows  best 
performance.  Circuit  A  shows  at  both  frequencies  an  intersection  point,  which  means  that  optimum  mqjedance  matching  could 
be  achieved  with  the  corresponding  device  area  and  input  power. 
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Fig.  5:  Circuit  impedances  in  dependence  of  the  backshort  for  two  different  matching  networks  A  and  B 
(solid  line)  and  optimum  varactor  impedance  in  dependence  of  the  device  area  (dashed  lines).  The  solid 
dots  indicates  the  optimum  device  impedance  for  an  area  of  5*10-7  cm2, 
a)  fundamental  frequency  b)  harmonic  frequency 

For  comparison  of  the  experimental  results  to  the  theory  the  calculations  have  been  carried  out  with  a  realised  device  area  of 
5*10’’  cm^.  Fig.  6  shows  conversion  efficiency  and  output  power  of  the  device  according  to  Fig.  1  with  ideally  matched 
circuit.  Maximum  efficiency  up  to  15  %  with  an  output  power  more  than  10  mW  should  be  achievable  for  an  input  power  of 

55  mW.  The  corresponding  device  impedances  areZ^'  =  (14-_/60)Q  for  the  fundamental  andZ^^  =  (-13.5-y25)0  for  the 
harmonic  frequency.  The  optimum  matching  impedances  are  indicated  in  Fig.  5a  and  5b  by  solid  dots. 
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Fig.  6:  Output  power  and  conversion  efficiency  of  the  SBV  with  an  area  of  5*10"’  cm^  according  to 
Fig.  1  with  an  ideally  matched  circuit  (Varactor  impedances  for  maximum  conversion  efficiency: 

z§  =(14-;60)Q,  =(-13.5-y25)Q. 
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Fig.  7:  Output  power  and  efficiency  of  a  tripler  with  monolithically  integrated  SBV  (a)  matching  circuit  A, 
b)  matching  circuit  B) 
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The  tripler  performance  for  the  two  experimentally  realised  matching  network  configurations  A  and  B  from  Fig.  5  calculated 
by  harmonic  balance  technique  using  the  simulation  programme  ADS  (Hewlett  Packard)  is  shown  in  Fig.  7.  A  maximum 
efficiency  of  about  2.5  %  and  an  output  power  of  more  than  2  mW  can  be  reached  for  type  A.  From  Fig.  5  it  can  be  seen  that 
the  circuit  impedance  line  is  quite  far  away  from  the  optimum  impedance  value  of  the  varactor  with  the  used  area  (solid  dots), 
especially  at  the  fundamental  frequency.  The  performance  of  the  varactor  with  matching  circuit  B,  given  in  Fig.  7b  is  better. 
Higher  efficiency  of  about  5  %  and  a  corresponding  output  power  of  about  4.5  mW  can  be  reached  since  the  circuit 
impedance  loci  are  closer  to  the  optimmn  device  impedance  for  the  used  area  as  can  be  seen  in  Fig.  5,  too. 


5.  EXPERIMENTAL  RESULTS 

Frequency  triplers  with  monolithically  integrated  SBV  using  the  above  described  matching  circuits  (A,B)  have  been 
fabricated  and  investigated.  The  used  varactor  shown  in  Fig.  1  has  an  area  of  5*10’’  cm'^,  a  low  frequency  series  resistance  of 
8  Q,  a  maximum  to  minimum  capacitance  ratio  of  about  4  and  an  onset  voltage  of  5.2  V  for  a  current  density  of  1  kA/cm^. 
The  experiments  indicate  that  the  output  power  for  the  matching  network  A  is  always  lower  as  compared  to  the  case  of  B.  The 
best  results  of  the  tripler  with  matching  circuit  B  and  an  available  input  power  of  50  mW  show  a  measured  flange  to  flange 
efficiency  of  2.8  %  and  an  output  power  of  1.4  mW  at  210  GHz.  The  corresponding  values  for  output  and  efficiency  from  the 
computation  according  to  Fig.  7b  are  1.5  mW  and  3  %,  respectively,  which  indicates  the  good  agreement  of  the  theoretical 
and  experimental  results.  Up  to  an  input  power  of  50  mW  no  saturation  nor  for  efficiency  neither  for  power  has  been 
measured.  The  theoretical  results  from  Fig.  7b  predict  an  efficiency  up  to  5  %  with  4.5  mW  output  power  if  higher  input 
power  is  available.  The  aim  of  the  next  work  will  be  to  alter  the  device  area  and  the  parameters  of  the  matching  network  to 
reach  the  optimum  efficiency  and  hence  higher  output  power. 

6.  CONCLUSION 

Investigations  on  frequency  tripler  from  70  GHz  to  210  GHz  with  monolithically  integrated  SBV  have  been  presented.  Two 
circuits  with  different  matching  networks  have  been  investigated.  Theoretical  and  experimental  results  have  shown  that  the 
design  of  the  matching  network  is  one  of  the  most  critical  steps  for  the  optimum  tripler  performance.  A  measured  flange  to 
flange  efficiency  of  2.8  %  and  an  output  power  of  1.4  mW  have  been  achieved  with  50  mW  input  power.  Theoretical 
extrapolation  predicts  an  efficiency  of  about  5  %  if  higher  input  power  is  available.  Furthermore,  improvements  in  the  circuit 
design  should  lead  to  higher  tripler  efficiency  and  output  power. 

7.  ACKNOWLEDGMENT 

The  authors  wish  to  thank  H.  Grothe  for  supplying  the  high-quality  epitaxial  material  and  M.  Claassen  for  stimulating 
discussions. 


8.  REFERENCES 

1.  M.  Tschemitz,  J.  Freyer,  ‘140  GHz  GaAs  double-drift  IMPATT  diodes’.  Electron.  Lett.  31,  pp.  582-583, 1995 

2.  A.  V.  Raisanen.  ‘Frequency  multipliers  for  millimeter  and  submillimeter  wavelengths’.  Proceedings  of  IEEE,  80,  (1 1), 

1992, pp.  1842-1852 

3.  D.  Choudhury,  M.  A.  Frerking,  P.  D.  Batelaan,  ‘A  200  GHz  tripler  using  a  single  barrier  varactor’,  IEEE  Trans.  MTT,  41, 

1993, pp.595-599 

4.  X.  Melique,  C.  Mann,  P.  Mounaix,  J.  Thornton,  O.  Vanbesien,  F.  Mollot,  D.  Lippens,  ‘5  mW  and  5  %  efficiency  216  GHz 
InP-based  heterostructure  barrier  varactor  tripler’,  IEEE  Microwave  and  Guided  Letters,  8,  (1 1),  1998,  pp.  384-386 

5.  J.  R.  Jones,  W.  L.  Bishop,  S.  H.  Jones,  G.  B.  Tait,  ‘Planar  multibarrier  80/240  GHz  heterostmcture  barrier  varactor 
tripiers’,  IEEE  Trans  MTT,  45,  (4),  1997,  pp.512-518 

6.  J.  Freyer,  R.  Meola,  M.  Claassen,  F.  Neugebauer,  ‘Design  of  GaAs/GaAlAs  single-barrier  varactors  (SBV)  for  mm-wave 
frequency  multipliers’,  23'**  Intern.  Conf.  on  Infrared  and  Millimeter  Waves,  Essex,  UK,  1998 


397 
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ABSTRACT 

In  airborne  heterodyne  receivers  for  remote  sensing  of  the  OH  radical  in  the  stratosphere,  optically  pumped  methanol 
gas  lasers  on  the  2.523  THz  line  are  used  as  local  oscillators.  In  order  to  optimize  their  performance,  a  new  simulation 
concept  has  been  developed  and  is  described  here. 

A  standard  design  procedure  for  SMMW  ring  lasers  using  a  focussing  mirror  for  optical  pump  beam  guiding 
is  scetched  briefly.  To  make  computations  easier,  the  pump  radiation  distribution  is  averaged  along  the  resonator. 
Using  a  quantum  mechanical  approach,  a  SMMW  laser  process  model  which  takes  into  account  the  ac  Stark  effect, 
the  Maxwell  distribution  and  the  Doppler  effect  can  be  derived.  Transversal  profiles  of  pump  and  SMMW  intensitj-, 
absorption  and  gain  coefficient,  vibrational  and  physical  temperature  serve  as  a  base  for  the  determination  of  the 
SMMW  laser  output  power. 

Based  on  this  model,  a  computer  program  named  FIRL  has  been  developed.  Computed  results  obtained  with 
the  program  are  presented  and  consequences  for  construction  of  SMMW  lasers  are  discussed.  Two  laser  prototypes 
ha\'e  been  built  and  demonstrate  good  agreement  of  simulated  and  measured  results,  indicating  that  the  described 
program  is  a  qualified  CAD  tool  for  methanol  laser  development. 

Keywords;  ring  resonator,  SMMW  laser,  FIR  laser,  laser  modelling,  simulation,  CAD,  ERFILAS 

1.  INTRODUCTION 

The  submillimeter  wave  (SMMW)  range  from  30  nm  to  1  mm  is  very  important  for  spectroscopy,  radioastronomy  and 
environmental  research  because  it  contains  the  spectral  fingerprints  of  many  molecular,  atomic  and  ionic  transitions. 

The  OH  radical,  one  of  the  radicals  involved  in  stratospheric  chemistry,  emits  radiation  at  2.514  THz.  For  its 
remote  sensing,  airborne  heterodyne  receivers  with  a  local  oscillator  frequency  near  the  emission  line  are  required.^ 
Up  to  now,  the  only  device  delivering  an  appropriate  frequency  is  a  methanol  gas  laser  on  its  2.523  THz  line 
(wat-elength  \i  =  119  /tin).  The  laser  has  to  be  pumped  by  a  carbondioxide  laser  on  its  9  P  36  line  (wavelength 
Xp  =  9.69  fim). 

The  airborne  platform  jiuts  high  demands  on  the  system  concerning  compactness,  efficiency  and  reliability.^  The 
goal  of  the  ERFIL.4S-Project  (Erlangen  Far  Infrared  Laser)  at  the  Lehrstuhl  fiir  Hochfrequenztechnik  (LHFT)  is 
the  construction  of  SMMW  laser  heads  for  airborne  applications.  In  order  to  optimize  SMMW  laser  performance, 
the  program  FIRL  has  been  developed  at  the  LHFT. 

2.  DESIGN  OF  STANDARD  RESONATORS 

The  ring  resonator  of  the  SMMM’  laser  head  consists  of  four  mirrors  as  shown  in  figure  1.  The  pump  beam  is  coupled 
into  the  resonator  through  a  pinhole  in  mirror  1.  Mirror  2  is  a  focussing  mirror  (focal  length  fs)  serving  for  pump 
beam  guiding  as  well  as  for  SMMW  beam  guiding.  Together  with  a  plane  mirror  3  it  is  mounted  on  a  positioning 
unit  to  tune  the  SMMW  frequency.  The  SMMW  radiation  is  coupled  out  by  a  hybrid  hole  mirror  4  and  leaves  the 
resonator  in  copropagating  or  in  counterpropagating  direction.  The  pump  beam  performs  several  roundtrips  in  the 
resonator  ring,  which  leads  to  an  increase  of  pump  efficiency. 

For  further  author  information  (correspondence):  email:  michael@lhft.e-technik.uni-erlangen.de;  AVtVW:  www.lhft.e- 
technik.uni-erlangen.de;  Telephone:  -1—1-49  9131  85-27231;  Facsimile:  -1— f49  9131  85-27212. 
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Figure  1.  (left)  Resonator  geometry  and  parameters  important  for  SMMW  output  power. 

(right)  Table  of  standard  resonator  g-parameters 

The  most  important  constructional  parameters  to  be  determined  are  focal  length  /b,  perimeter  of  the  ring 
resonator  Lq  and  outcoupler  reflectivity  Rout  ■  The  p-parameter  as  a  characteristic  quantity  for  resonator  geometry 
is  introduced: 

As  has  been  shown, ^  not  every  p-parameter  provides  good  pump  beam  guiding.  Refocussing  of  the  pump  beam  on 
the  pinhole  in  the  ni  +  1  roundtrip  occurs  when  the  p-parameters  satisfy  the  condition 


g  —  cos 


n  -  i  ' 

71  +  1 


with  i  and  m  integers,  and  the  remnant  pump  power  is  lost.  In  the  interesting  region  0.5  <  p  <  0.7,  only  the  eleven 
^-parameters  listed  in  the  table  of  figure  1  are  to  be  recommended. 

For  the  described  kind  of  resonator  with  the  geometry  given  by  the  resonator  perimeter  Lq  and  the  ^-parameter, 
the  SMMl^’  beam  geometry  is  perfectly  known.  From  theory  of  optical  resonators,  its  Rayleigh  length 


To  1^  +  9  I 

=  ' 

can  be  calculated.  The  SMMW  beam  has  its  beam  waist  with  a  radius  of 

/ I 

=  v—ir-  ' 

situated  on  the  hybrid  hole  mirror  and  its  maximum  radius  on  the  focussing  mirror 

/To  •  Ax,  ZB,i  ,  To  1 

'^L.max  —  \l  ’  T  A 

]j  IT  [  Lo  4-2b,X,J 

The  optimum  pump  beam  waist  radius  is  more  difficult  to  determine.  Introducing  a  pump  beam  factor  fpb  with 


,  / ■  Ap 

wo.p  =  fpb-y - - - 

the  maximum  spot  size  of  the  pump  beam  on  the  focussing  mirror  can  be  calculated  analytically: 

1  /Lo  ■  Ap  2p,x,  ,  Lo 
fpb  V  ^  (To  4  •  2B,X, 
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Together  with  wi^nnx  from  (5),  wp^max  from  (7)  determines  the  aperture  radius  rap  via  an  aperture  factor  fap' 


Tap  =  fap  ■  '!nax{WL,max,'Wp,max] 


(8) 


Similarily,  a  pinhole  factor  /pin  relates  the  pinhole  radius  Vpin  to  the  pump  beam  waist  radius 

^pin  ”  fpin  *  ^0,P 

Finall}-,  a  cooler  wall  radius  Vcooi  is  defined  by  a  factor  fcooi  referring  it  to  the  aperture  radius 

cool  ~  fcooi  ‘  I" ap  (ff^) 

Both,  Tap  and  rpi„,  should  be  kept  as  small  as  possible,  and  a  compromise  has  to  be  found.  Closer  examinations 
show  that  a  pump  beam  factor  /pj  =  0.18,  an  aperture  factor  fap  —  1-7  and  a  pinhole  factor  fpin  =  1-75  are  good 
solutions.  As  the  cooler  should  be  slightly  larger  than  the  aperture,  fcooi  =  1-1  has  been  chosen. 

The  whole  procedure  from  (3)  to  (10)  shows  that  the  ring  resonator  geometry  can  be  completely  characterized 
by  p-parameter  and  resonator  perimeter  Z/q.  The  configuration  is  referenced  by  a  name  like  STD/61/2.0  where  the 
61  stands  for  the  used  g-parameter  g  =  0.61  (rounded  to  two  digits)  and  2.0  denotes  the  resonator  perimeter  Lq  in 
m.^“®  If  not  otherwise  indicated,  all  simulations  to  follow  have  been  performed  on  a  STD/61/2.0  resonator. 


3.  LASER  MODELLING 

The  absorption  of  pump  radiation  and  emission  of  SMMW  radiation  in  a  volume  element  is  determined  by  the 
SMMM'  and  pump  radiation  intensities  the  molecules  of  the  laser  gas  are  exposed  to.  The  power  remnant  from  the 
SMMW  laser  quantum  process  has  to  be  brought  out  of  the  volume  element  by  thermal  conductivity  and  diffusion. 

Therefore,  mathematical  descriptions  of  SMMW  intensity,  pump  intensity,  the  SMMW  laser  process,  thermal 
conduction  and  diffusion  are  required  to  obtain  a  complete  description  of  a  SMMW  laser  system. 


3.1.  Pump  Radiation 

Figure  2  (upper)  .shows  the  pump  beam  traces  (i.  e.  the  beam  radii)  of  20  roundtrips  in  a  STD/61/2.0.  The  single 
traces  are  assumed  to  stay  gaussian  beams  despite  diffraction  by  the  limited  mirror  apertures  and  the  pinhole.  .41ong 
the  ;  coordinate  of  the  resonator,  several  refocussings  occur,  leading  to  transversal  inhomogenities  of  the  pump 
radiation  intensity.  They  are  marked  by  bright  on-axis  spots  in  figure  2  (middle)  which  shows  the  normalized  pump 
intensity  along  the  resonator  in  a  grayscale  contour  plot. 

In  order  to  keep  computation  times  low,  the  intensities  of  the  pump  beam  traces  are  averaged  along  the  z-axis 
to  obtain  an  averaged  pump  intensity  profile  /p(r, z).  This  profile  is  separated  into  an  intensity  structure  function 
t'p(r)  and  pump  radiation  power  Pp[z)  by 

Ip{r,z)  =  Pp{z)-ipp{r)  (11) 


The  structure  function  yip  is  calculated  from  all  pump  beam  traces  i,  which  are  characterized  by  their  power  Pp.i{z) 
and  their  beam  radius  wp,i{z)  at  coordinate  z: 


?/)p(r)  = 


ESr  /o 


^0  .exp 


(12) 


The  term  contains  infinite  sums,  but  these  return  limited  results  as  the  pump  beam  trace  powers  are  reduced 
by  diffraction,  attenuation  and  absorption  losses  during  the  roundtrips.  Figure  2  (lower)  shows  the  pump  beam 
distribution  described  by  the  structure  function  as  a  grayscale  contour  plot.  A  comparison  with  figure  2  (middle) 
shows  that  the  approximation  by  equation  (11)  is  very  good. 

In  the  case  of  the  cold  resonator  (i.  e.  without  absorption  by  the  laaer  gEis)  and  totally  reflecting  mirrors,  an 
averaged  resonator  transmission  T^g  can  be  defined  using  the  powers  Pi^in  of  the  pump  traces  at  the  beginning  of  a 
roundtrip  i  and  the  powers  Pt.out  of  the  traces  at  the  end  of  a  roundtrip: 


„  _  Pi.out 

■l  wg  —  ^oo  p 
2^i=\ 


(13) 
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Figure  2.  (upper)  Pump  beam  traces  of  20  roundtrips  through  STD/61/2.0  resonator, 
(middle)  Pump  radiation  intensity  profile  in  the  resonator 
(lower)  Approximate  radiation  intensity  profile  in  the  resonator 


The  attenuation  coefficient  ap  (related  to  amplitude)  of  the  pump  radiation  is  determined  by  averaging  all  losses 
over  the  resonator  perimeter  J  With  the  pump  reflectivities  i?p,i  to  Rp^4  of  the  four  mirrors  one  obtains 


ap  =  - 


2Lo 


■  InjTujp} 


2  ■  Lo 


(14) 


3.2.  SMMW  Radiation 

A  similar  approach  using  an  intensity  structure  function  ipL  and  SMMW  radiation  power  Pp  is  used  for  the  SMMW 
radiation  intensity  profile  Ip{r,z): 

h(r,z)  =  Piiz) -tpUr)  (15) 

In  contrast  to  the  pump  radiation,  not  the  intensity  but  the  beam  size  is  averaged  from  the  radius  of  the  SMMW' 
beam  wl{z)  along  the  resonator.  The  expression  can  be  evaluated  analytically: 


"^smmw 


=  ^L,0 


(16) 


The  structure  function  of  the  SMMW  beam,  derived  from  the  average  beam  size  Wsmmw^  describes  a  quasi-gaussian 
beam  with  a  uniform  gaussian  shape  all  along  the  resonator  perimeter: 


V-'z,(r) 


2 


TT  •  W 


■2 

smmw 
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I 

^smmw  J 


(17) 


As  in  the  case  for  the  pump  radiation  guiding,  losses  occur  due  to  the  pinhole  and  the  mirror  SMMW'  reflectivities 
of  Rp.i  to  Rl,3  of  mirrors  1  to  3,  resulting  in  an  attenuation  coefficient  ap  (related  to  amplitude): 


ap  =  - 


In 

YTo 


'  pin 


W, 


0,L 


Lo 


(18) 


3.3.  Absorption  and  Emission 

In  the  section  to  follow  let  us  assume  that  the  absorption  coefficient  for  pump  radiation  ^{r,  z)  and  the  SMMW  gain 
coefficient  r(r.  2)  are  known.  In  order  to  get  the  effect  on  the  total  output  power  of  the  SMMW  laser,  both  can  be 
at'eraged  across  the  respective  profiles  with  the  intensity  structure  functions  as  weights  according  to 


{z) 

r,„(r) 


rOO 

==  27r  •  /  z) '  tl)p{r)  •  rdr 

Jo 

rOO 

=  2w  ■  I  r{r,z)  -rppir)  -rdr 

Jo 


(19) 

(20) 


The  classical  laser  theory  of  the  absorption  coefficient®  is  now  extended  to  the  averaged  absorption  coefficient. 
Introducing  the  small  signal  absorption  coefficient  and  the  pump  saturation  power  Psp,  one  gets 


^m{z)  = 


^mO 


Psp 


(21) 


for  the  case  of  an  inhomogeniously  broadened  absorption  line.  The  dependence  of  pump  radiation  power  and  SMMW 
radiation  power  on  2  in  the  resonator  is  given  by  the  solution  of  the  differential  equations 


dPpjz) 

dz 

dPp(z) 

dz 


-[^m(^)  +  2  ■  Op]  •  Pp{z) 
[rm(-2:)  -  2-ap]-  Pp{z) 


(22) 

(23) 


The  condition  under  which  differential  equation  (22)  has  to  be  solved  is  power  conservation  at  the  pinhole  mirror. 
Using  the  pump  radiation  power  Pp,A  at  the  beginning  and  Pp^s  at  the  end  of  the  resonator,  this  requires 


Pp,A  —  Pp,B  +  Ppump 


(24) 
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Starting  with  the  differential  equation  (22),  inserting  (21)  and  introducing  abbreviations  for  the  normalized  gain 


and  for  the  normalized  pump  radiation  power 


np(z)  =  (2( 

{TIa  and  lip  are  built  from  Pp^a  and  Pp,p,  accordingly),  one  gets  an  implicit  equation  for  the  power  distribution 


-^■In 


1  —  A-p  1  + 1)  (^ 


{,/mc-i)(vT+T!I  +  i)l  ,  ,  (/lp  +  ,/r+nil  Ar  , 


From  the  solution,  the  normalized  absorbed  pump  power  can  be  calculated: 


=  =  2  •  Ap  ■  ^\/l  +  Ha  —  \/l  +  rip  +  Ap  •  In  | 


+  lip  +  Ap 
+  II/i  +  Ap 


This  power  serves  as  the  base  to  calculate  a  representative  pump  radiation  power 


Pp,rep  —  PsP 


2  •  ^mO  ■  ^0 


1  + W1  + 


4  ■  ^mO^O 


which  describes  a  representative  pump  radiation  intensity  profile  at  a  representative  coordinate  Zre?  throughout  the 
whole  resonator  perimeter 

Ip.rep  =  Pp,rep  '  i>pir)  (30) 

and  is  used  to  determine  the  gain  coefficient  r(r,  Zrep)-  Again,  a  formula  from  classical  laser  theory  gives  a  connection 
between  the  SMMW  radiation  power  Pl{z)  in  the  resonator  and  the  emission  coefficient  with  small  signal  gain 
coefficient  Fmo  and  saturation  power  Psl'- 

=  -ffnj  (31) 

Psl 

According  to  RIGROD7  the  output  power  in  the  resonator  is 


Pl.oui  =  Psl  ■  Tout  ■  Pk 


Lq  '  F rnO 


■*  l-.OUt  —  ^  out  ■‘Ul  n  T  l„rDl  ' - ' 

[2-ql -Lo -InjPouf}  J 

with  the  outcoupler  transmission  Tout  and  the  window  transmission  T^.  The  outcoupler  reflectivity  may  be  optimized 


Ropt  =  exp  <  -2aiLo 


to  yield  maximum  SMMW  output  power.  Shape  and  kind  of  the  outcoupler  determine  which  part  of  the  power  of  a 
gaussian  beam  incident  on  the  surface  is  coupled  back  into  the  same  gaussian  beam;  fractions  of  power  coupled  into 
other  higher  order  modes  have  to  be  regarded  as  losses  of  the  outcoupler. 


3.4.  Active  Medium 

The  goal  of  the  chapter  to  follow  is  the  calculation  of  SMMW  gain  r(r,  z)  and  absorption  coefficient  f(r,  z)  in  order 
to  get  information  on  the  longitudinal  distribution  of  SMMW  and  pump  radiation.  For  better  understanding,  a  short 
description  of  the  SMMW  laser  process  is  given  here. 

The  process  starts  with  the  absorption  of  a  pump  quantum  by  a  molecule  in  a  lower  vibrational  state,  lifting  it 
to  a  higher  vibrational  energy  state.  From  this  upper  pump  level  (or  upper  laser  level),  the  SMMW  lasing  process 
starts,  leading  to  the  emission  of  a  SMMW  quantum  and  leaving  the  molecule  in  a  lower  energetic  rotational  level 
within  the  upper  vibrational  energy  state. 
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Unfortunately,  the  described  process  is  interfered  by  other  mechanisms.®  First,  rotational  relaxation  of  the  upper 
laser  level  occurs,  shifting  it  closer  to  thermodynamical  equilibrium  with  the  other  rotational  levels  and  making  laser 
amplification  (gain)  more  difficult.  The  quantum  efficiency  Tjq  expected  from  the  Manley-Rowe  equation  is  reduced 

A 

(34) 

The  molecule  relaxes  to  the  lower  vibrational  energy  state  by  different  mechanisms,®  transferring  the  vibrational 
power  to  the  gas  and  thus  closing  the  SMMW  laser  cycle.  As  this  process  is  slow  compared  to  the  rotational  relaxation, 
the  population  of  vibrational  levels  changes  compared  to  thermodynamical  equilibrium;  the  new  distribution  will  be 
described  by  a  vibrational  temperature  T^n,. 


For  the  quantitative  determination  of  gain  and  absorption,  a  queintum  mechanical  approach  by  PANOCK  and 
TEMKIN^®  is  applied.  The  approach  requires  information  about  pump  and  SMMW  intensities,  offset  frequencies  and 
the  dipole  moments  associated  with  the  different  processes.  Pump  and  SMMW  offsets  are  determined  by  molecular 
constants  as  well  as  by  the  Doppler  shift  due  to  the  velocity  distribution  (Maxwell  distribution)  of  the  gas,  so  the 
molecules  are  sorted  into  velocity  groups  (denoted  by  a  prime)  and  different  orientations  of  their  main  axis  related 
to  the  pump  and  SMMW'  polarization  (marked  by  an  index  M).  The  related  pump  absorption  and  SMMW  gain 
coefficients  ^'j^f{r,z]v-)  and  r)^^(r,  2;ti;)  have  to  be  integrated  across  the  velocity  distribution  and  summarized  over 
all  polarization  directions  M  in  order  to  get  pump  absorption  and  SMMW  gain  coefficients  ^{r,z)  and  r(r,  2): 


11 

/‘OO 

(35) 

r(r,2)  = 

/  r'A^(r,2iUj)  da. 

(36) 

1 

1  » 

8 

i 

For  the  dipole  moments  and  the  distributions,  special  molecular  parameters  are  required.  Information  on  dipole 
moments  of  different  methanol  laser  lines  and  energy  levels  may  be  found  in  literature. 


3.5.  Relaxation  Mechanisms 

The  processes  determining  the  physical  temperature  and  vibrational  temperature  distribution  T{r)  and  T^nir)  in 
the  representative  laser  cross  section  at  coordinate  Zrep  can  be  divided  into  two  classes:  global  processes  like  diffusion 
and  thermal  conductivity  on  the  one  hand  side,  which  transfer  the  remnant  pump  power  to  the  cooler  walls,  and 
local  processes  as  the  pump  process  and  the  VT-relaxation  on  the  other  hand  side,  which  drive  the  global  processes. 

The  source  for  the  thermal  conduction  is  the  conversion  of  vibrational  energy  to  kinetic  energy  by  the  \  T 
relaxation  mechanism.  The  power  per  volume  converted  to  heat  is  described  by  the  thermal  power  densit)"  Qt-  For 
power  conservation,  the  power  density  transported  out  of  the  volume  element  by  diffusion  must  be 

Q d{'^)  —  ip,rep  '  C(c,  Zrcp)  ~  Qt{^)  (3/  ) 


Both  temperature  and  vibrational  temperature  profiles  can  now  be  determined  by  solving  the  differential  equations 
for  thermal  conductivity  and  diffusion 


Qt  +  div  [ndyn  ■  grad  T]  =0 
Qd  +  div  [K;„j6  •  grad  Tyn]  =  0 

The  dynamic  thermal  conductivity  Kdyn  is  provided  by  the  assumption  that  the  gas  is  an  ideal  one 

_  2  likTY 

TT  •  <Tm  ■  F  y  mM 

whereas  the  vibrational  conductivity  k„h,  comes  from  transport  of  vibrational  energy  by  the  molecules 


(38) 


(39) 


(40) 

OTT  ‘  Om  V  ^  *  -^vih 

The  averaged  vibrational  energy  and  the  root  mean  square  of  the  vibrational  energy  must  be  derived 
from  the  vibrational  energy  levels  of  the  SMMW'  gets.  At  the  walls,  both  temperatures  must  equal  the  cooler  wall 
temperature  of  Tcoot  =  300  K. 
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Figure  3.  Pump  Beam  Transmission  Ty^g  (solid  line)  and  Single  Beam  Transmission  T’s,20  (dashed  line). 


4.  SIMULATIONS 

The  equations  describing  the  SMMW  laser  process  and  determining  the  SMMW  laser  output  power  are  not  straight 
forward.  Small  loops  of  recursive  algorithms  for  the  solution  of  single  equations  like  (27)  have  to  be  applied  as  well 
as  large  loops  for  the  determination  of  the  different  profiles. 

The  FIRL  program  starts  with  the  determination  of  attenuation  coefficients  ol,  qj>,  and  intensity  structure 
functions  vi.  xpp.  Within  the  subsequent  iterative  algorithm  for  the  pump  radiation  distribution,  the  quantum 
mechanical  considerations  are  applied  to  single  velocity  groups  and  orientations  of  the  molecular  rotational  axis  and 
combined  according  to  eqtiation  (35).  The  relaxation  mechanisms  described  in  chapter  3.5  are  taken  into  account. 
From  two  given  absorption  coefficients,  the  small  signal  absorption  and  the  saturation  power  from  equation  (21)  can 
be  calculated.  After  that,  the  representative  pump  power  is  determined  according  to  equation  (29),  and  the  physical 
temperature  and  vibrational  temperature  profiles  are  assumed  to  be  known. 

In  another  iterative  algorithm,  the  small  gain  coefficient  and  the  saturation  power  from  equation  (31)  are  deter¬ 
mined  from  two  gain  coefficients  and  inserted  into  equation  (32)  to  yield  the  SMMW  output  power.  On  demand,  the 
out  coupler  reflectivity  can  be  optimized  according  to  equation  (33). 

The  FIRL  program  has  been  implemented  in  the  C'*"'"  programming  language.^®  The  gnu  compiler  which  is 
available  for  many  operating  systems  in  freeware  collections  has  been  used  to  ensure  portability.  The  compiler  works 
well  on  the  source  code  on  IBM  OS/2  Release  3.0  and  Linux,  with  some  indication  that  it  might  be  ported  to  HP-UX 
as  well.  The  major  advantage  of  the  programming  language,  object-oriented  programming,  has  been  used,  so  the 
program  can  be  extended  to  other  lines,  gases  and  resonator  geometries  in  future  versions. 

The  program  reads  input  from  an  instruction  file  and  writes  output  to  an  ASCII  file;  the  latter  can  be  read  in  and 
postprocessed  by  any  mathematical  program  (e.  g.  MATLAB).  Any  resonator  and  laser  configuration  of  the  parameters 
from  figure  1  can  be  used  for  the  calculations.  The  parameters  for  standard  resonators  can  be  set  by  a  single  keyword 
and  the  resonator  perimeter.  Configuration  data  of  these  resonators  can  be  found  in  table  1. 

4.1.  Resonator  Calculations 

The  pump  beam  transmission  T^g  according  to  equation  (13)  is  shown  in  figure  3  (solid  line)  as  well  as  the  single 
beam  transmission  for  20  roundtrips  Tj,20  (dashed  line)  which  is  defined  as  Ts,n  =  Pn, out  I  Pi, in-  The  latter  one  served 
as  a  base  for  the  determination  of  the  eleven  basic  ^-parameters  listed  in  figure  1  in  earlier  publications.'^’^  They  are 
marked  by  the  maxima  of  the  curve,  whereas  the  deep  dips  mark  positions  given  by  equation  (2).  In  the  graph  of 
Tu.:g,  the  dips  are  not  so  marked  as  in  the  single  beam  transmission  graph  because  refocussings  taking  place  in  later 
roundtrips  do  not  increase  losses  in  equation  (13)  eis  much  cis  those  taking  place  in  earlier  roundtrips.  As  the  graph 
of  Tyg  has  been  calculated  for  a  limited  aperture,  it  is  lower  than  Ts, 20  at  higher  p-parameters. 
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The  pump  beam  traces  from  figure  2  (upper)  have  been  obtained  using  the  program,  too.  The  maximum  radius 
of  the  traces  around  16  mm  requires  an  aperture  radius  of  rap  «  27  mm  (see  equation  (8)),  a  value  which  can  be 
found  in  table  1  as  well,  ^^'ithin  the  first  20  roundtrips  no  refocussing  on  the  pinhole  (right  border)  occurs. 

4.2.  Internal  Profiles 

For  a  given  resonator  configuration  and  pump  power,  the  profiles  of  radiation,  absorption  and  gain  coefficient,  physical 
and  vibrational  temperature  can  be  computed.  The  pump  reflectivities  of  the  mirrors  are  =  Rp,2  =  Rp.s  =  0.995. 
RPA  =  0.99,  the  SMMW  reflectivities  are  Rp.i  =  Rl,2  =  Rl,3  =  0.992  according  to  manufacturer  specifications. 
Figure  4  shows  the  normalized  intensity  structure  functions  of  pump  and  SMMW  radiation.  For  the  given  pump 
power  of  Ppump  —  20  TF,  the  maximum  pump  intensity  is  around  Ip, max  =  22.6  MW/m?,  whereas  the  maximum 
intensity  is  around  lL,vmx  =  9000  W/m?.  The  peak  of  the  pump  power  on  the  optical  axis,  corresponding  to 
the  refocussings  of  the  pump  beam,  causes  a  dip  of  the  absorption  coefficient  (maximum  ^  TJiaa:  —  0.2484  m,-i  w  ^o) 
due  to  saturation.  Nevertheless,  good  inversion  is  achieved  as  can  be  seen  from  the  peak  in  the  gain  coefficient. 

The  SMMW  gain  shows  the  most  complex  behaviour.  On  the  axis,  the  SMMW  gain  has  a  small  dip  corresponding 
to  the  pump  intensit}’  peak.  This  may  be  caused  by  the  dynamic  Stark  effect.  Nevertheless,  the  maximum  of  the 
SMMW  gain  is  near  the  axis;  the  gain  then  decretises  rapidly.  However,  there  is  another  not  very  marked  maximum 
of  the  gain  at  around  10  mm.  This  is  due  to  the  balance  of  increased  SMMW  saturation  on  the  axis,  leading  to  less 
SklMW  gain,  and  increased  inversion  on  the  axis,  leading  to  higher  SMMW  gain.  At  approximately  r  «  16  mm,  the 
gain  gets  negative,  which  denotes  absorption  of  SMMW  radiation.  The  maximum  SMMW  gain  is  Fmai  =  0.1667  m~^ . 

The  high  inversion  on  the  optical  axis  does  not  seem  to  have  any  influence  on  the  temperatures  which  do  not 
share  the  heavy  turbulences  on  the  optical  axis,  as  can  be  seen  in  figure  4.  Diffusion  and  relaxation  processes  degrade 
the  strong  absorption  in  the  pump  beam  center  very  quickly. 
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Figure  4.  (left)  Normalized  profiles  of  SMMW  radiation,  pump  radiation,  SMMW  gain  and  absorption  coefficient, 
(right)  Profiles  of  physical  and  vibrationcil  temperature. 


Figure  5.  (left)  Nomograms  of  SMMW  output  power  and  efficiency  for  STD/61  resonators  with  Lq  as  parameter. 

(right)  Nomograms  of  optimum  pressure  and  reflectivity  Ropt  for  STD/61  resonators  with  Lq  as  parameter. 


4.3.  SMMW  Output  Power 

For  laser  construction  purposes,  it  is  useful  to  know  the  resonator  perimeter  necessary  to  achieve  a  certain  SMMW 
output  from  a  given  pump  power.  With  the  program  FIRL,  it  is  possible  to  calculate  nomograms  of  the  SMMW 
output  power.  Figure  5  (left)  shows  nomograms  of  the  SMMW  output  power  and  efficiency  versus  pump  power  with 
the  resonator  perimeter  as  parameter.  As  is  expected,  the  SMMW  output  power  as  well  as  the  technical  efficiency 
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Figure  6.  Experimental  results  in  comparison  to  simulation  results;  ERFILAS-2  counterpropagating  beam  (left) 
and  ERFILAS-3  copropagating  beam  (right). 


increase  with  increasing  resonator  perimeter.  In  the  same  calculation  series,  which  requires  approximately  one  week 
of  computation  time  on  a  233  MHz  Pentium  processor,  the  optimum  conditions  have  been  determined  (figure  5 
riglit).  \^’ith  increasing  perimeter  and  decreasing  pump  power,  the  operation  pressure  has  to  be  reduced,  a  fact  that 
has  been  stated  repeatedly  in  literature  from  experimental  results.^®  The  reflectivity  Routi  one  of  the  most  critical 
parameters  in  laser  design,  has  been  optimized  in  the  same  process. 

5.  EXPERIMENTAL  VERIFICATION 

Based  on  the  standard  resonator  design  approach,  two  SMMW  laser  heads  have  been  realized.  ERFILAS-2  is  based 
on  a  STD/55/1.5  resonator  design;  ERFILAS-3  includes  a  STD/61/2  resonator.'^’^’®  In  comparison  to  the  standard 
resonators,  the  cooler  radii  Vcoot  have  been  reduced,  with  minor  influence  on  the  performance. 

The  pump  beam  has  a  waist  radius  of  0.45  mm  and  provides  a  pump  power  of  20  .  In  the  case  of  ERFILAS-2, 

an  output  power  of  33  inM'  can  be  achieved  at  a  pressure  of  23  Pa.  However,  this  beam  is  TEMqi,  and  for  the 
counterpropagating  TEMqo  beam  lower  power  levels  have  been  observed.  In  figure  6  (left),  the  results  of  measure¬ 
ments  are  compared  to  simulation  results.  The  indicated  factor  between  simulation  and  experiment  is  due  to  the 
transmission  of  the  hybrid  hole  outcoupler  substrate  and  the  vacuum  window.  The  fact  that  the  TEMqi  is  preferred 
to  the  TEMqo  mode  mar-  be  attributed  to  the  outcouplers  in  combination  with  the  off-axis  SMMW'  gain  maximum 
(see  figure  4). 

ERFILAS-3  delivers  output  powers  of  49  mW^  in  the  copropagating  direction  and  27  mW'  in  the  counterpropagating 
direction  under  the  same  pump  conditions.'’  The  beam  profile  is  a  nearly  perfect  TEMoq.  The  copropagating  beam 
was  examined  closer,  and  the  results  are  shown  in  figure  6  (right).  Again,  the  factor  between  simulation  and 
experiment  can  be  explained  by  outcoupler  and  vacuum  window  transmission. 

In  both  cases,  the  agreement  between  simulation  and  experiment  is  very  good.  Nevertheless,  the  optimum  pressure 
in  theory  is  slightly  larger  («  2  Pa)  than  that  one  observed  in  experiments.  This  might  be  due  to  inaccuracies  in 
the  applied  molecular  parameters  of  methanol. 

6.  CONCLUSIONS 

In  this  paper,  the  complete  modelling  of  a  SMMW  laser  head  has  been  briefly  scetched.  Mathematical  descriptions 
of  the  components  resonator,  pump  and  SMMW^  radiation,  releixation  and  active  medium  have  been  derived. 

A  standard  design  procedure  of  SMMW'  laser  resonators  h^ls  been  summarized  from  earlier  papers  by  the  authoi . 

The  molecular  gas  and  its  absorption  and  gain  characteristics  have  been  derived  including  a  quantum  mechanical 
approach,  the  Doppler  effect  and  the  Maxwell  distribution  of  the  molecular  velocities.  Molecular  parameters  of  the 
2.523  THz  line  of  methanol  have  been  extracted  from  literature.  These  parameters  might  be  inaccurate  as  they  were 
derived  from  the  theoretical  models  of  the  corresponding  authors. 
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The  pump  radiation  distribution  has  been  averaged  along  the  resonator  perimeter  to  keep  the  model  simple,  but 
accounting  for  refocussing  of  the  pump  beam  on  the  optical  axis.  Transversal  profiles  calculated  in  a  representative 
cross  section  form  the  base  for  the  determination  of  the  SMMW  output  power  of  the  SMMW  laser  head.  Thermal 
conduction  and  diffusion  are  taken  into  account. 

The  simulation  results  were  compared  to  measurement  results  and  showed  good  agreement.  This  indicates  that 
the  program  FIRL  can  be  used  as  a  tool  for  the  computer  aided  design  (CAD)  of  SMMW  laser  heads. 
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ABSTRACT 

We  have  investigated  a  phonon-cooled  NbN  hot  electron  bolometric  (HEB)  mixer  in  the  frequency  range  from  0.7  THz  to  5.2 
THz,  The  device  was  a  3.5  nm  thin  film  with  an  in-plane  dimension  of  1. 7x0.2  pm^  integrated  in  a  conplementary 
logarithmic  spiral  antenna.  The  measured  DSB  receiver  noise  temperatures  are  1500  K  (0.7  THz),  2200  K  (1.4  THz),  2600  K 
(1.6  THz),  2900  K  (2.5  THz),  4000  K  (3.1  THz),  5600  K  (4.3  THz),  and  8800  K  (5.2  THz).  The  sensitivity  fluctuation,  the 
long  term  stability,  and  the  antenna  pattern  were  measured  and  the  suitability  of  the  mixer  for  a  practical  heterod5nie  receiver 
is  discussed. 

Keywords;  hot-electron  bolometer,  NbN,  superconductor,  mixer,  terahertz,  spiral  antenna 


1.  INTRODUCTION 

High  resolution  heterodyne  spectroscopy  in  the  frequency  range  from  1  THz  to  6  THz  yields  important  information  on 
astronomical  objects  as  well  as  the  atmosphere  of  the  earth.  Some  prominent  examples  are  the  CII  fine  structure  line  at 
1.6  THz  ‘  and  the  01  fine  stracture  line  at  4.75  THz  ^  which  are  major  coolant  lines  of  the  interstellar  medium.  The  OH 
rotational  transitions  at  2.5  THz  and  3.5  THz  allow  the  determination  of  the  OH  volume  mixing  ratio  in  the  atmosphere  and 
yield  important  information  on  the  catalytic  cycles,  which  are  responsible  for  the  destraction  of  stratospheric  ozone.  A 
number  of  on-going  astrophysical  and  atmospheric  research  programs  are  aimed  at  these  goals. 

So  far  Schottky  diodes  are  used  as  mixers  in  heterod3nie  receivers  above  a  frequency  of  about  1.2  THz.  Double  sideband 
receiver  noise  temperatures  range  from  2500  K  at  1  THz  up  to  about  70000  K  at  4.75  THz.^’®  This  is  far  above  the  quantum 
noise  limit.  However,  state  of  the  art  heterodyne  receivers  require  a  sensitivity  close  to  the  quantum  limit.  Superconducting 
hot-electron  bolometric  (HEB)  mixers  are  possible  devices  to  achieve  this  goal.  Since  in  a  sufficiently  small  superconducting 
HEB  mixer  only  the  electrons  are  heated  by  the  incoming  radiation,  the  response  time  of  the  HEB  is  of  the  order  of  the 
electron-phonon  interaction  time.  This  results  in  low  noise  temperatures  as  well  as  in  intermediate  frequencies  (IF)  of  several 
GHz.  Another  attractive  feature  of  an  HEB  mixer  is  the  small  amoxmt  (wlOO  nW)  of  power  required  from  the  local  oscillator 
(LO). 

Two  types  of  HEB  mixers  are  known:  diffiision-cooled  and  phonon-cooled  HEBs.  While  the  first  ones  are  fabricated  from 
Nb  the  latter  ones  are  fabricated  from  NbN.  In  this  paper  we  present  the  design  and  performance  of  a  NbN  phonon-cooled 
HEB  mixer  in  the  frequency  range  from  0.7  THz  up  to  5.2  THz.  Emphasis  is  put  on  noise  temperature  measurements,  but 
also  on  those  parameters  which  are  equally  important  for  application  of  a  mixer  in  a  practical  heterodyne  receiver,  such  as  the 
sensitivity  fluctuation,  the  long  term  stability,  and  the  antenna  pattern. 
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2.  MIXER  DESCRIPTION 


2.1  HEB  detector 

The  investigated  HEB  was  fabricated  from  a  3.5  nm  thin  superconducting  NbN  film.  The  film  was  deposited  by  dc  reactive 
magnetron  sputtering  of  Nb  in  a  N2  atmosphere  onto  a  350  pm  thick  high  resistivity  Si  substrate  (5  kD  cm).  The  details  of  the 
process  are  described  elsewhere.^  The  bolometer  itself  is  a  1.7  pm  wide  and  0.2  pm  long  bridge.  It  has  a  transition 
temperature  of  9.3  K  and  a  870  pQcm  resistivity  at  room  temperature.  The  series  resistance  in  the  superconducting  state  is 
about  3  Q.  In  Fig.  1  the  unpumped  and  pumped  current-voltage  (I-V)  characteristic  of  the  HEB  mixer  at  a  temperature  of  4.2 
K  are  shown.  There  is  a  first  plateau  at  a  current  of  45  pA,  which  is  followed  by  a  second  linear  increase  corresponding  to  a 
resistance  of  40  Q.  Another  plateau  develops  at  a  current  of  55  pA.  After  the  third  almost  linear  increase,  which  corresponds 
to  a  resistance  of  80  Q,  the  maximum  critical  current  of  90  pA  is  reached.  This  behavior  is  likely  to  be  due  to  the  existence  of 
three  patches  in  the  superconducting  film,  each  with  a  different  critical  current.  We  speculate  that  two  of  them  are  situated 
under  the  contact  pads.  The  critical  current  in  those  parts  is  reduced  due  to  the  proximity  effect  between  NbN  and  gold  of  the 
antenna 


Fig.  1:  Unpumped  and  pumped  current-voltage 
characteristics  of  the  HEB.  The  noise  temperature 
measurements  were  performed  with  the  bias  voltage  and 
LO  power  of  region  1 . 


Fig.  2:  SEM  picture  of  the  logarithmic  spiral  antenna.  The 
HEB  is  located  in  the  gap  at  the  inner  end  of  the  spiral 
arms. 


2.2  Logarithmic-spiral  antenna 

A  planar  two-arm  logarithmic-spiral  antenna  is  used  to  couple  both  the  signal  and  the  local  oscillator  (LO)  radiation  with  the 
bolometer  (Fig.  2).  The  central  part  of  the  antemia  was  patterned  using  electron  beam  lithography  while  the  outer  part  was 
defined  by  conventional  UV  photolithography  (for  details  see  Ref.  5).  This  antenna  belongs  to  a  family  of  frequency 
independent  antennas,  i.  e.  the  most  important  characteristics  such  as  the  antenna  impedance  and  the  beam  pattern  are 
independent  on  the  frequency  over  a  wide  range.  In  order  to  have  a  frequency  independent  beam  pattern  the  effective  aperture 
scales  with  the  wavelength.  In  our  design,  the  circle  that  circtunscribes  the  spiral  sfructure  is  130  pm  in  diameter  while  the 
circle,  inside  which  the  antenna  arms  form  the  inner  terminals  and  cease  to  represent  a  spiral,  is  2.6  pm  in  diameter.  Between 
these  circles,  the  antenna  arms  make  two  full  turns.  From  this  geometry  it  is  possible  to  estimate  the  range  where  the  antenna 
characteristics  are  independent  of  the  frequency.  The  upper  wavelength  limit,  X,  can  be  estimated  by  where  D  is  the 

diameter  of  the  outer  circle.  The  shortest  wavelength  where  the  spiral  antemia  is  still  working  properly  is  about  10  times  the 
inner  radius  at  which  the  spiral  deviates  from  the  ideal  shape.’  In  our  case  this  yields  an  upper  wavelength  limit  of  884  pm 
(0.34  THz)  and  a  lower  wavelength  limit  of  44  pm  (6.8  THz).  The  winding  of  the  spiral  can  be  characterized  by  the  angle  at 
which  a  radial  line  from  the  origin  of  the  antenna  intersects  a  spiral  arm.  In  our  case  this  angle  is  70°.  A  more  tightly  wound 
spiral  will  yield  a  more  symmetric  beam  pattern,  since  the  asymmetry  is  caused  by  the  decaying  fields  along  the  spiral  arm. 
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However,  the  effective  aperture  will  also  decrease,  resulting  in  a  wider  beam,  which  is  more  difficult  to  couple  to  the  RF 
optics.  The  choice  of  70°  is  a  compromise  between  these  two  effects.  According  to  estimates,®  such  an  antenna  should  have 
an  RF  impedance  of  about  75  when  suspended  in  free  space.  We  expect  an  even  smaller  value  for  our  antenna  since  it  is 
supported  by  the  semi-infinite  dielectric  half-space  simulated  by  the  Si  substrate  with  the  thickness  much  larger  than  the 
wavelength. 

2.3  RF  optics 

The  HEB  and  the  planar  antenna  were  glued  onto  the  flat  side  of  an  extended  hyperhemispheric  lens.  The  lens  was  cut  off 
fi:om  an  optically  polished  6  mm  diameter  sphere  that  was  made  from  high  resistivity  (>10  kDcm)  silicon.  No  antireflection 
coating  was  used.  The  extension  of  the  lens  together  with  the  thickness  of  the  substrate  yields  a  total  extension  length  of  1.2 
mm.  This  is  very  close  to  the  optimal  extension  length  at  which  the  beam  pattern  of  the  hybrid  antenna  is  diffraction  limited, 
i.e.  the  pattern  is  rather  determined  by  the  diameter  of  the  lens  than  by  the  beam  properties  of  the  planar  feed  antenna.  In  this 
case  the  side-lobes  are  still  low.  It  is  worth  mentioning  that  in  the  range  of  the  diameter  to  wavelength  ratios,  which  we 
covered  in  the  experiment,  the  optimal  extension  length  varies  by  about  5  %.*  The  leirs  and  the  HEB  were  mounted  in  a 
copper  holder  which  in  turn  was  directly  screwed  to  the  4.2  K  cold  plate  of  an  Infrared  Labs  HD-3  IHe  cryostat.  The  cryostat 
has  a  wedged  1.5  mm  thick  TPX  pressure  window.  A  1.2  mm  thick  quartz  window  with  an  antireflection  coating  was 
mounted  on  the  77  K  shield  in  order  to  block  the  background  radiation.  The  optical  losses  of  the  lens,  the  quartz  window,  and 
the  teflon  window  are  given  in  Table  2. 

2.4  IF  circuit 

The  intermediate  (IF)  signal  is  coupled  out  of  the  HEB  via  the  arms  of  the  antenna.  The  antenna  in  turn  terminates  by  a 
coplanar  line,  which  was  lithographed  on  the  same  substrate  and  has  an  impedance  of  50  Q.  The  use  of  RF  filters  is  not 
necessary  since  the  RF  field  decays  by  about  20  dB  in  the  first  wavelength  along  the  spiral  arm.®  One  arm  of  the  spiral 
antenna  is  grounded.  The  other  arm  leads  to  a  bias  tee  and  a  circulator,  which  was  used  in  order  to  prevent  standing  waves 
between  the  HEB  and  the  first  amplifier.  Bias  tee,  circulator  and  the  HEMT  amplifier  were  cooled  to  4.2  K.  The  HEMT 
an^lifier  has  a  bandwidth  of  1 .2  - 1 .8  GHz  and  a  gain  of  36  dB  at  the  IF  frequency  of  1 .5  GHz.  Its  noise  temperature  is  about 
3  K.  The  output  of  the  amplifier  was  filtered  at  1.5  GHz  with  a  bandwidth  of  75  MHz,  further  amplified  and  finally  detected 
with  a  crystal  detector. 


3.  EXPERIMENTAL  SET-UP 

The  device  was  investigated  at  seven  different  frequencies  ranging  from  0.7  THz  up  to  5.2  THz.  Two  FIR  gas  laser  systems 
were  used  to  cover  this  frequency  region.  The  measurements  from  0.7  THz  to  2.5  THz  were  performed  using  an  optically 
pumped  FIR  ring  laser.'®  The  ring  laser  design  prevents  back-reflection  of  CO2  pump  radiation  from  the  FIR  cavity  into  the 
CO2  laser  cavity  resulting  in  a  stable  output  power  of  the  FIR  laser.  Out-coupling  of  FIR  radiation  was  performed  through  a  3 
mm  diameter  hole  in  one  of  the  laser  mirrors.  For  the  measurements  between  2.5  THz  and  5.2  THz  a  transversely  excited  FIR 
laser  was  used.  As  it  is  the  case  for  the  ring  laser  this  design  inhibits  the  back-reflection  of  CO2  radiation  into  the  pump  laser. 
For  this  laser  a  45°  moveable  mirror  was  used  for  the  output  coupling  of  the  FIR  radiation.  This  mirror  can  be  moved 
transversely  to  the  optical  axis  of  the  FIR  laser  and  allows  for  optimization  of  the  output  power  for  each  laser  line 
separately."  It  should  be  mentioned  that  the  noise  temperature  measured  at  2.52  THz  was  the  same  independently  which 
laser  system  was  used  for  the  measurements. 

For  the  noise  temperature  measurements  the  output  radiation  of  the  ring  laser  (see  Fig.  3)  was  focussed  onto  the  HEB  mixer 
by  two  high-density  polyethylene  lenses  (one  lens  for  the  set-up  with  the  transversely  excited  FIR  laser).  A  wire  grid  in  the 
LO  beam  path  deflected  a  minor  fraction  of  the  LO  radiation  onto  a  pyroelectric  detector  which  was  used  for  monitoring  the 
LO  power.  A  second  wire  grid  could  be  rotated  in  order  to  optimize  the  LO  power  coupled  to  the  HEB.  The  signal  and  the 
LO  beam  were  superimposed  by  a  6  pm  thick  Mylar  beamsplitter.  Double  sideband  (DSB)  receiver  noise  temperatures  were 
determined  by  the  Y-factor  method.  Ecosorb  was  used  as  the  hot  and  cold  load.  The  temperature  of  the  hot  and  cold  load  was 
293  K  and  77  K,  respectively.  The  stability  of  the  laser  systems  was  good  enough  to  measure  the  noise  tenqjerature  by 
putting  alternately  the  hot  load  and  the  cold  load  for  about  ten  seconds  in  the  signal  path  behind  the  beamsplitter.  The  not 
evacuated  optical  path  from  the  load  to  the  pressure  window  of  the  cryostat  was  about  25  cm  long.  The  hot  and  cold  readings 
were  averaged  by  a  computer  and  the  Y-factor  as  well  as  the  noise  temeperature  were  calculated.  Due  to  the  relatively  weak 
laser  line  and  the  narrow  line  profile  the  noise  temperature  at  5.2  THz  was  measured  by  chopping  (frequency:  15  Hz) 
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between  the  hot  and  cold  load  using  lock-in  technique.  It  was  verified  at  the  other  frequencies  that  the  direct  technique  and 
the  chopping  technique  yield  the  same  result.  At  frequencies  above  1  THz  the  Rayleigh-Jeans  approximation  does  no  longer 
closely  describe  the  power  radiated  by  a  black  body.  Therefore,  we  used  the  general  form  of  the  dissipation-fluctuation 
theorem  (Callen  and  Welton)  for  deriving  the  receiver  noise  temperature  fi:omthe  measured  Y-factor.‘^ 


Fig.  3:  The  experimental  set-up. 

For  the  antenna  pattern  measurements  the  two  lenses  were  removed.  Due  to  the  divergence  of  the  laser  beam  this  yielded  an 
almost  plane  parallel  wavefront  at  the  position  of  the  HEB  mixer.  The  cryostat  was  fixed  on  a  mount,  which  allowed  to  rotate 
it  in  azimuth  and  elevation.  The  mixer  was  operated  in  the  direct  detection  regime  and  signal  was  measured  as  a  function  of 
the  angular  position  of  the  HEB  at  a  frequency  of  2.5  THz. 


4.  MIXER  PERFORMANCE 


4.1  Receiver  noise  temperature 

In  Fig.  4  and  Table  1  the  DSB  receiver  noise  temperature  is  given  as  a  function  of  the  LO  frequency  between  0.7  THz  and 

5.2  THz.  Also  shown  in  Fig.  4  is  the  DSB  receiver  noise  temperature  when  corrected  for  the  losses  in  the  optical  elements  as 
given  in  Table  2.  The  optical  losses  were  determined  either  from  the  known  transmission  curves  (TPX  window  and  quartz 
window),  calculated  (beamsplitter)  or  estimated  (Si  lens).  The  corrected  receiver  noise  temperature  increases  linearly  with 
frequency  and  follows  closely  the  10  hv/k  line.  This  is  20  times  the  quantum  limit  hv/2k  for  a  DSB  receiver  operated  in  the 
continuum  detection  mode.  The  result  suggests  that  the  hybrid  anteima  of  the  mixer  is  frequency  independent  from  0.7  THz 
up  to  5.2  THz,  in  agreement  with  the  specified  design.  The  LO  power  absorbed  in  the  HEB  was  evaluated  from  the  pumped 
and  unpumped  IV  characteristics.  We  used  the  isothermal  method  described  elsewhere.'^  An  absorbed  LO  power  around 
100  nW  was  determined  at  all  frequencies.  The  optimum  bias  current  and  voltage  were  about  22  pA  and  1.8  mV  (region  1  in 
Fig.  1 ).  No  significant  dependence  of  the  optimal  operation  regime  on  the  frequency  was  observed. 
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Fig.  4:  DSB  receiver  noise  temperature  as  a  function  of 
frequency.  The  circles  indicate  the  measured  noise 
temperature  while  the  squares  correspond  to  the  noise 
temperature  corrected  for  losses  in  the  optics. 


Freq.  ITHzl 

Laser  Gas 

CO2 

T  rec.DSB  [K] 

0.623 

HCOOH 

9R20 

1500 

1.397 

CH2F2 

9R34 

2200 

1.627 

CH2F2 

9R32 

2600 

2.523 

CHiOH 

9P36 

2900 

3.106 

CH,OH 

9R10 

4000 

4.252 

CH3OH 

9P34 

5600 

5.246 

CH3OD 

9R8 

8800 

Table  1:  FIR  laser  lines and  DSB  receiver  noise 
temperature  as  a  function  of  frequency. 


According  to  Table  2  the  quartz  filter  and  the  Si  lens  give  the  major  contributions  to  the  total  losses.  Using  a  Zitex  filter 
instead  of  the  quartz  filter  could  reduce  the  noise  temperature  by  about  0.6  -  1.4  dB  in  the  frequency  range  from  0.7  THz  to 
2.5  THz.  This  for  example  would  yield  a  DSB  noise  temperature  of  about  2400  K  at  2.5  THz  (loss  of  Zitex  filter  ^0.5  dB  ’^). 
This  is  comparable  with  other  phonon  cooled  HEB  mixers  as  well  as  with  Nb  diffusion  cooled  HEB  mixers.*^’’®  For  the 
reduction  of  the  loss  in  the  Si  lens  no  straightforward  solution  is  available.  One  possibility  to  reduce  the  reflection  could  be  to 
fabricate  a  Si  lens  with  grooves  of  a  certain  shape  and  separation.  This  approach  is  discussed  in  Ref.  17. 


Loss  [dB] 

Frequency 

0.7  THz 

1.4  THz 

1.6  THz 

2.5  THz 

3.1  THz 

4.3  THz 

5.2  THz 

Beamsplitter 

0.1 

0.2 

0.3 

0.6 

0.7 

1.2 

1.2 

TPX  window 

0.4 

0.4 

0.5 

0.6 

0.6 

0.8 

0.9 

Quartz  filter 

1.1 

1.8 

1.9 

1.2 

1.3 

1.5 

1.9 

Si  lens  (refl.) 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

Si  lens  (absorp.) 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

Sum 

3.2 

4.0 

4.3 

4.0 

4.2 

5.1 

5.6 

Table  2:  Losses  in  the  optics  (data  for  the  beamsplitter  are  calculated,  data  for  the  TPX  window  and  the  quartz  filter  are  from 
the  transmission  curves  as  given  by  the  manufacturer,  data  for  the  Si  lens  are  estimated). 


4.2  Sensitivity  fluctuations 

For  a  practical  mixer  in  a  heterodyne  receiver  the  minimum  detectable  temperature  or  sensitivity  fluctuation,  ATmi,,  is  of 
prime  importance,  because  it  describes  the  temperature  contrast  which  can  be  resolved  within  a  certain  integration  time.  For 
an  ideal  total  power  receiver  it  can  be  derived  from  the  receiver  noise  temperature.  Tree,  the  post  detection  bandwidth,  Av,  and 
the  integration  time,  Ti„t,  according  to  AT,ni„=Trec /(Av  For  a  non  ideal  receiver  other  sources  such  as  gain  instabilities 

of  the  amplifier  can  contribute  to  the  sensitivity  fluctuations  and  raise  it  above  ATmn.  In  our  set-up  the  postdetection 
bandwidth  is  Av=75  MHz  and  the  integration  time  is  Ti„,=2  ms,  yielding  a  sensitivity  fluctuation  hT^=6.2  K.  Fig.  5  shows 
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the  sensitivity  fluctuation  for  the  optimum  bias  voltage  at  a  frequency  of  1 .4  THz.  The  first  half  of  the  scan  is  with  the  cold 
load  in  the  signal  path  while  the  second  half  is  with  the  hot  load  in  the  signal  path.  From  the  scan  a  rms  sensitivity  fluctuation 
of  7.4  K  is  determined.  This  is  in  a  good  agreement  with  the  calculated  value  of  6.2  K.  In  addition,  the  scan  documents  the 
excellent  stability  of  the  laser  LO. 
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Fig.  5:  Output  power  of  the  HEB  as  a  function  of  time 
measured  at  a  frequency  of  1.4  THz.  The  sensitivity 
fluctuation  (i.e.  the  width  of  the  trace)  is  close  to  the 
theoretical  minimum  (see  text). 


Fig.  6:  Measured  and  calculated  antenna  pattern  of  the 
hybrid  antenna  at  a  frequency  of  2.5  THz. 


4.3  Antenna  pattern 

As  an  example,  in  Fig.  6  the  antenna  pattern  in  the  E-plane  of  the  hybrid  antenna  is  shown.  It  was  measured  at  a  frequency  of 
2.5  THz.  Also  shown  is  the  Airy  pattern  calculated  for  the  antenna.  The  measured  full  width  at  half  maximum  (FWHM)  is 
Qa=1.65°  while  the  calculated  profile  yields  Qa=1-4°,  in  good  agreement  with  the  measurements.  From  this  the  directivity  of 
the  antenna,  D=47t/QA^.  and  the  effective  aperture,  Aeft=DXV47t,  are  calculated.  It  is  D«1.5xl0‘'  and  Aefi«17inm^.  We 
estimate  the  Gaussian  coupling  efficiency  to  be  about  70%.  The  first  side  lobes  occtu  below  the  -10  dB  level.  However, 
while  the  FWHM  and  the  position  of  the  side  lobes  are  reproduced  quite  well  by  oiu  calculations,  the  power  level  of  the 
measured  side  lobes  is  too  high.  The  reason  for  this  is  not  quite  clear.  It  might  be  a  slightly  too  large  extension  length  which 
is  known  to  result  in  increased  side  lobes. 


5.  SUMMARY  AND  OUTLOOK 

We  have  measured  the  DSB  receiver  noise  temperature  of  a  phonon-cooled  hot-electron  bolometric  mixer  operated  in  the 
frequency  range  from  0.7  THz  to  5.2  THz.  When  corrected  for  optical  losses,  the  noise  temperature  of  the  mixer  increased 
linearly  with  frequency  with  the  slope  10  hv/k.  This  indicates  that  the  hybrid  antenna  was  frequency  independent  in  the 
specified  frequency  range.  In  addition,  the  sensitivity  fluctuation  and  Ae  antenna  pattern  are  close  to  the  theoretical 
expectation.  The  excellent  performance  of  this  HEB  mixer  demonstrates  that  the  time  to  apply  an  HEB  as  mixer  in  a  practical 
heterodyne  receiver  for  THz  frequencies  has  come. 
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ABSTRACT 

KASIMIR  (Key  Advanced  Structure  Investigations  for  MM-  and  Sub-MM-Wave  Integrated  Receivers) 
initiative  is  a  development  programme  started  in  early  1996  by  the  ESA  in  order  to  advance  the  mm- 
and  sub-mm-wave  sensor  technology  for  satellite-based  atmospheric  observations.  The  initial  goal  of 
the  project  is  to  build  integrated  antenna/mixer  frontends  at  650  GHz  which  are  qualifiable  for  the  low 
Earth  orbit  environment.  All  of  the  frontends  will  make  use  of  the  so-called  integrated  quasi-vertical 
Schottky  diodes  developed  at  Tech.  Univ.  of  Darmstadt  in  Germany. 

Keywords:  Earth  observation,  atmospheric  chemistry,  mm-wave,  sub-nun-wave,  heterodyne 
receivers,  mixers,  integrated  circuits,  Schottky  diodes 

1.  INTRODUCTION 

Satellite-based  observations  of  Earth’s  atmosphere  necessitate  sensitive  receivers  in  the  millimeterwave 
(mm-wave)  and  sub-millimeterwave  (sub-mm-wave)  regions  of  spectrum.  Especially,  receivers  using 
heterodyne  technique  are  best  adapted  for  studying  spectral  signatures  of  various  chemical  species,  thus 
permitting  to  understand  key  chemical  reactions  which  lead  to  changes  in  atmospheric  compositions 
such  as  depletion  of  ozone  layer.  Millimeterwave  receivers  are  most  suitable  for  tropospheric 
observations  from  a  satellite  as  species’  signatures  are  not  strongly  masked  by  the  background  signal  of 
water  molecules  at  this  range  of  frequency.  In  the  sub-mm-wave  region  however,  the  atmosphere 
becomes  opaque  below  the  stratosphere  precisely  due  to  the  presence  of  water  vapour.  Thus,  the 
tropospheric  and  stratospheric  observations  are  best  performed  by  two  separate  sensing  instruments 
covering  complementary  spectral  regions  with  some  overlap  so  as  to  optimise  the  observation 
efficiency’.  Instrument  studies  have  been  conducted  by  ESA  in  order  to  analyse  the  feasibility  of  such 
satellite  missions’. 

Among  critical  technology  areas  for  enabling  such  missions,  nun-wave  and  sub-mm-wave  mixers  have 
been  identified  as  one  of  the  most  crucial  elements  of  such  receivers.  Due  to  violent  mechanical 
stresses  during  the  launch  as  well  as  thermal  stresses  and  atomic  radiations  in  the  space  environment, 
the  reliability  of  such  sensitive  components/devices  must  be  guaranteed  by  design  and  demonstrated 
before  launch. 
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KASIMIR  (Key  Advanced  Structure  Investigations  for  MM-  and  Sub-MM-Wave  Integrated  Receivers) 
initiative  is  a  development  programme  started  in  early  1996  by  the  ESA  in  order  to  advance  the  mm- 
and  sub-mm-wave  sensor  technology  for  sateUite-based  atmospheric  observations  (atmospheric 
chemistry  research).  The  initial  goal  of  the  project  is  to  build  integrated  antenna/mixer  frontends  at  650 
GHz  which  are  qualifiable  for  the  low  Earth  orbit  environment.  All  of  the  frontends  will  make  use  of 
the  so-called  integrated  quasi-vertical  Schottky  diodes  developed  at  Tech.  Univ.  of  Darmstadt  in 
Germany.  A  number  of  frontend  designs  are  being  pursued  in  parallel; 

(1)  an  open-structure  type,  fundamentally  pumped  mixer  using  a  Si-dielectric  lens  together  with  a  ring- 
slot  radiator,  a  single  Schottky  diode  and  a  co-planar  waveguide  circuit; 

(2)  an  open-structure  type,  fundamentally  pumped  mixer  using  a  Si-dielectric  lens  together  with  a 
double-slot  radiator,  a  single  Schottky  diode  and  a  microstrip  circuit; 

(3)  a  waveguide  type,  sub-harmonically  pumped  nuxer  using  integrated  diagonal  horn,  an  anti-parallel 
diode  pair  and  a  microstrip  circuit. 

2.  QUASI-VERTICAL  SCHOTTKY  DIODES  (QVD) 

The  QVD’s^,  developed  at  the  Technical  University  of  Darmstadt,  offer  low  parasitics,  vertical  current 
flow,  improved  heat  sink  capabilities  and  is  less  affected  by  the  skin  effect  as  compared  with  other 
planar  concepts.  Both  single  diodes  and  anti-parallel  diodes  (APD)  have  been  fabricated"*.  The  single 
diodes  are  used  for  the  open-structure  type  mixers  where  a  dielectric  lens  is  used  as  a  focusing  element. 
Anti-parallel  diodes  are  used  for  the  waveguide  integrated  mixer  which  is  sub-harmonically  pumped. 
Based  on  the  experience  in  optimising  whisker-contacted  diodes  at  570  GHz,  the  following  QVD 
parameters  have  been  chosen  for  650  GHz  mixers: 


Anode  diameter; 

0.8  pm 

Epitaxial  layer  doping  concentration: 

3x10*’ cm‘^ 

Epitaxial  layer  thickness: 

70  nm 

Air-bridge  height  above  mesa: 

2  pm 

Series  resistance  (estimated): 

16  0 

Junction  capacitance  (estimated): 

1  fF 

Fig.  1  shows  the  dimensions  of  the  APD  as  used  in  the  waveguide  mixer.  The  main  efforts  during  the 
KASIMIR  project  have  been  concentrated  on  reducing  the  overall  diode  dimensions  and  improving  the 
reliabihty  of  the  fabrication  processes.  As  a  matter  of  fact,  the  physical  size  of  the  diodes  is 
comparable  to  lateral  dimensions  of  the  circuit-elements  such  as  transmission-lines  and  filters.  Thus, 
undesirable  discontinuities  can  result  around  the  diode  which  degrade  receiver  performance. 

3.  OPEN-STRUCTURE  MIXERS 

An  open-structure  mixer  consists  of  an  integrated  antenna/mixer  chip  mounted  on  an  extended 
hemispherical  silicon  lens  as  a  focusing  device.  Two  technologically  different  concepts  have  been 
developed  in  the  course  of  this  project: 

(1)  a  co-planar  waveguide  based  frontend  with  a  ring-slot  radiator,  a  single  Schottky  diode,  co- 
planar  transmission-lines  and  filters; 
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15  nm 


Fig.  1:  Structure  and  dimensions  of  the  anti-parallel  diode  chip 


(2)  a  microstrip  based  frontend  with  a  double-slot  radiator,  a  single  Schottky  diode,  microstrip 
transmission-hnes  and  filters. 

Both  are  fundamentally  pumped  mixers  and  the  local  oscillator  signal  needs  to  be  injected  through  the 
antenna. 

The  co-planar  waveguide  based  frontend  is  technologically  simpler  as  only  one  metal  layer  is  required 
for  realising  the  radiator  and  the  circuit.  However,  less  freedom  is  offered  to  design  the  frontend  as 
only  one  metal  layer  is  available  for  implementing  the  radiator,  diode  and  matching  circuits.  As  the 
complete  co-planar  circuit  can  radiate  towards  the  dielectric  lens  and  not  only  the  ring-slot  radiator,  the 
resulting  radiation  characteristics  are  very  sensitive  to  the  overall  circuit  topology. 

In  order  to  ensure  satisfactory  radiation  characteristics,  both  scale-model  measurements  as  well  as 
numerical  simulations  have  been  performed.  Fig.  2  depicts  the  layout  of  the  65  GHz  scale-model 
which  was  fabricated  at  EPF-Lausanne  using  RT/duroid  6010  substrate  with  0.635  mm  thickness.  A 
commercially  available  Schottky  diode  was  mounted  between  the  upper  end  of  the  co-planar  line  and 
the  ground.  Fig.  3  shows  the  predicted  and  measured  radiation  patterns  of  the  65  GHz  scale-model 
using  a  synthesised  elliptical  lens  (50  mm  diameter).  A  simple  model^  was  used  in  this  case  to  compute 
the  radiation  characteristics.  Both  the  scale-model  measurements  and  theroretical  predictions  gave  us 
confidence  that  the  parasitic  radiation  can  be  kept  below  an  acceptable  limit.  Fig.  4  depicts  predicted 
radiation  patterns  of  the  650  GHz  frontend  with  a  synthesised  elliptical  lens  and  a  hyperhemispherical 
lens,  which  were  calculated  using  an  integral  equation  based  spectral  domain  field  solver  .  A  very 
accurate  modelling  of  the  frontend  geometry  was  done  to  produce  those  predictions.  In  particular,  the 
effects  of  parasitic  radiations  from  the  transmission-lines  and  transitions  have  been  included  in  the 
model.  This  can  be  seen  in  Fig.  5  where  the  Gaussian  coupling  efficiency  has  been  calculated  as  a 
function  of  the  lens  extension  length  for  the  co-planar  frontend  as  well  as  for  a  simple  ring-slot  with  a 
short  feedline.  The  predicted  coupling  efficiency  of  the  frontend  circuit  is  less  than  5  %  worse  than  that 
of  a  single  ring-slot  radiator.  The  650  GHz  frontend  chip  is  currently  in  fabrication  at  Tech.  Univ. 
Darmstadt. 
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Fig.  2:  Layout  of  the  65  GHz  co-planar 
frontend  scale-model 
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Fig.  3:  Predicted  and  measured  radiation  patterns 
of  the  65  GHz  scale-model 
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Fig.  4;  Predicted  radiation  patterns  for  the 
co-planar  waveguide  ffontend 

mounted  on  a  synthesised  elliptical 
lens  (upper  figure)  and  a 

hyperhemispherical  lens  (lower 
figure) 


Fig.  5:  Gaussian  coupling  efficiency  of  the  overall 
structure  (A2)  as  compared  to  a  solitary  ring- 
slot  radiator  with  a  short  feedline 
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The  microstrip  based  frontend  design  requires  additional  technology  steps  for  fabrication  such  as:  (a) 
deposition  of  an  insulating  layer  over  the  first  metal  layer;  (b)  deposition  of  the  second  metal  layer;  (c) 
a  proper  contacting  to  the  anode  of  the  diode;  (d)  subsequent  circuit  patterning.  Fig.  6  depicts  the 
layout  of  the  microstrip  based  frontend  in  a  schematic  manner.  For  the  clarity,  the  substrate  layer  is  not 
shown  in  the  upper-half  of  the  figure  (or  assumed  transparent). 

Initially,  polyimide  material  was  tried  as  the  substrate  layer.  However,  building  up  to  a  layer  thickness 
of  5  (im  proved  to  be  difficult,  especially  for  attaining  the  required  planarity  for  the  microstrip  circuit 
and  for  obtaining  sufficient  adhesion  of  the  second  metal  layer.  Therefore,  Si02  deposition  was  tried 
and  has  been  proven  to  be  more  adequate  as  a  substrate  layer. 

The  advantage  of  the  microstrip  based  concept  is  the  larger  fi'eedom  offered  to  the  designer  to  optimise 
the  fi-ontend  topology  as  the  radiator  and  the  rest  of  the  circuit  are  separated  on  two  different  metal 
layers.  Also,  the  mixer  circuit  is  shielded  by  the  ground  plane  (lower  metal  layer)  so  that  only  the 
double-slot  radiator  would  effectively  see  the  incoming  radiation.  Again,  scale-model  measurements  at 
65  GHz  as  well  as  theoretical  (numerical)  predictions  have  been  carried  out  during  the  design  phase  of 
the  frontend.  The  actual  650  GHz  frontend  chip  is  currently  in  fabrication  at  Tech.  Univ.  Darmstadt. 

Those  frontend  chips  will  be  integrated,  upon  preliminary  tests,  onto  silicon  dielectric  lenses  (10  mm 
diameter)  at  Chalmers  Univ.  Tech.  An  extensive  test  programme  is  foreseen  to  carry  out  pattern  and 
noise  measurements  together  with  vibration  tests  and  thermal  cyclings  as  preliminary  space 
environmental  tests. 
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Fig.  6:  Schematic  presentation  of  the 
microstrip  based  frontend 
design 
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4.  WAVEGUroE  MIXER 


The  design  of  the  waveguide  mixer  was  carried  out  at  Helsinki  Univ.  Tech.  After  the  successful 
fabrication  of  anti-parallel  diodes  in  Darmstadt,  it  was  decided  to  concentrate  on  the  design  of  sub- 
harmonically  pumped  mixers  as  it  would  potentially  reduce  the  overall  receiver  complexity  (LO  source 
at  Vz  frequency).  A  systematic  design  procedure  was  applied  which  consisted  of  theoretical  modellings 
and  scale-model  verifications  at  10  and  220  GHz. 

The  complete  mixer  block  is  shown  in  Fig.  7  which  also  includes  a  diagonal  horn  antenna  for  coupling 
to  the  incoming  signal.  Both  two-tuner  and  four-tuner  designs  have  been  explored.  Due  to  the 
uncertainties  in  predicting  the  actual  input  impedance  of  the  diode  at  650  GHz,  the  four-tuner  design 
was  preferred  which  has  a  wider  impedance  tuning  range. 

A  picture  of  a  220  GHz  scale-model  is  shown  in  Fig.  8,  which  is  a  two-tuner  design.  For  this  scale- 
model,  a  diode  optimised  for  650  GHz  has  been  used  which  led  to  less  than  optimum  noise 
performance  at  220  GHz.  The  results  of  conversion  loss  and  noise  measurements  on  a  four-tuner  scale- 
model  are  summarised  in  Fig.  9.  The  conversion  loss  is  comparable  to  the  best  published  results  of 
sub-harmonic  planar  diode  mixers  around  220  GHz.  The  noise  performance  is  somewhat  worse  due  to 
the  above  mentioned  reason.  The  650  GHz  waveguide  mixer  is  currently  under  integration. 
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Fig.  7:  650  GHz  sub-harmonically  pumped  waveguide  mixer 
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LSSB  [dB] 


Fig.  8;  Two-tuner  220  GHz  scale-model  mixer  (tuning  mechanism  is 
at  left  and  mixer  block  parts  at  right) 


Fig.  9:  SSB  conversion  loss  and  noise  temparature  vs.  instantaneous 
RF  firequency  of  a  four-tuner  scale  model:  fLo  =107  GHz, 
Plo  =  3.5  mW  (5.5  dBm) 

+  =  conversion  loss  obtained  from  noise  measurement 
*  =  conversion  loss  obtained  from  signal  measurement 

o  =  noise  temperature 
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5.  CONCLUSION 


The  KASIMIR  project  required  synthetic  efforts  of  the  experts  in  various  speciality  disciplines  such  as 
space-based  sensor  system  engineering,  sub-mm-wave  mixer  designs,  circuit  and  antenna  numerical 
analyses  and  designs,  optical  techniques,  device  physics,  sub-micron  device  fabrication  and  micro¬ 
machining  techniques,  high  precision  machining  and  sub-mm-wave  measurement  techniques.  It  is  a 
unique  attempt,  for  its  novelty  and  ambitious  goals,  to  advance  the  technology  of  sub-mm-wave 
heterodyne  receivers  for  space-based  observations.  Despite  numerous  design  and  fabrication 
difficulties  encountered  in  the  course  of  the  KASIMIR  project,  the  final  fabrication  of  the  650  GHz 
receiver  Irontends  are  under  way  and  they  will  be  tested  in  the  time  frame  of  Summer  to  Autumn  1999. 
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Demonstration  of  a  Millimetre-Wave  Sub-harmonically  excited 

Quantum  Barrier  Mixer 

W.Y.Liu,  D.P.Steenson,  Institute  of  Microwaves  and  Photonics,  School  of  Electronic  and  Electrical 

Engineering,  The  University  of  Leeds,  U.K. 

Abstract 

The  paper  presents  both  our  theoretical  and  experimental  findings  regarding  a  sub-harmonically  pumped 
Quantum  Barrier  Mixer.  A  qualitative  treatment  is  given  with  examples  to  demonstrate  some  unique  features  of 
a  Quantum  Barrier  Device  mixer,  which  cannot  be  offered  by  Schottky  junctions,  and  which  would  be 
particularly  suited  to  efficient  operation  at  terahertz  frequencies. 

Keywords:  Quantum  Barrier  Mixer,  Harmonic  Mixer,  Millimetre-wave  Mixer,  sub-harmonic  mixer, 
downconverter 

1.  Introduction 

Sub-harmonically  pumped  mixers  are  commonly  realized  with  a  pair  of  anti-parallel  Schottky  diodes.  This 
arrangement  will  theoretically  suppress  the  odd-order  mixing  which  can  otherwise  reduce  the  power  available  for 
even-order  mixing  products.  Although  two  diodes  connected  in  anti-parallel  is  conceptually  simple,  any 
physically  mismatch  between  the  two  diodes  will  potentially  degrade  the  mixing  performance.  To  avoid  this 
problem,  we  can  instead  use  a  single  Quantum  Barrier  Device  (QBD)  that  possesses  not  only  a  highly  non-linear 
characteristic  but  also  an  anti-symmetric  conductance  resulting  from  a  single  junction.  Another  factor  follows 
from  the  fact  that  a  pair  of  Schottky  junctions  connected  in  parallel  has  two  metal  contacts,  while  and  equivalent 
Quantum  Barrier  Device  contains  only  one  junction  or  active  area  within  the  device.  In  essence,  the  net  unbiased 
capacitance  in  an  equivalent  Quantum  Barrier  Device  is  lower  than  the  combined  capacitance  of  the  two  Schottky 
junctions  in  parallel.  Excess  capacitance  is  highly  detrimental  with  regard  to  conversion  loss  at  terahertz 
frequencies,  because  it  tends  to  shunt  the  signal  past  the  non-linear  mixing  element.  The  other  advantages  that 
support  the  use  of  a  single  Quantum  Barrier  Device  as  a  sub-harmonically  pumped  mixer  at  THz  frequencies,  will 
be  discussed  later  in  greater  detail. 

Perhaps  more  significantly,  the  barriers  of  a  Quantum  Barrier  Device  can  be  tailored  during  fabrication  in  such  a 
way  that  the  non-linearities  associated  with  the  device  can  be  controlled  to  favor  either  high  or  low  power  pump 
requirements.  For  example,  it  is  possible  to  choose  different  layer  structures  for  a  device  of  the  same  diameter  to 
obtain  different  resistive  non-linearities.  Flexibility  to  modify  the  device  non-linearities  in  this  manner  permits 
both  the  carrier  supply  function  and  the  resonant  transmission  characteristics  to  be  modified  independently, 
which  in  turn  enables  the  optimization  of  the  nonlinear  behavior  to  favor  different  operating  conditions.  This  is 
especially  so  in  the  case  of  the  sub-harmonic  mixer  where  a  large  degree  of  non-linearity  at  low  voltages  permits 
the  use  of  modest  local  oscillator  powers,  and  also  leads  to  improved  device  reliability  under  both  continuous 
wave  and  pulsed  power  conditions. 

The  intrinsic  mixing  performance  of  related  devices  has  been  reported  previously  in  [7],  and  [5].  In  Ref.  [6],  Tait 
experimentally  demonstrated  that  heterostructure  devices  with  two  and  four  barriers  under  a  biased  condition,  can 
achieve  conversion  losses  between  4  and  6  dB  and  noise  temperature  ratios  between  1.5  and  2  at  300K.  In  the 
experiment  reported  by  the  authors  in  Ref.  [7],  a  conversion  loss  of  less  than  9  dB  was  achieved  for  an  18GHz-to- 
0.9Ghz  sub-harmonic  mixer  using  a  double  barrier  device,  in  the  absence  of  any  DC  bias  and  with  a  low  local 
oscillator  power.  Mixing  with  conversion  gain  at  W-band,  has  also  been  demonstrated  using  QBD  s  biased  into 
their  negative  d3Tiamic  resistance  region  [5].  So  far,  the  intrinsic  mixing  performance  of  barrier  devices  has  only 
been  demonstrated  experimentally.  However,  this  paper  qualitatively  reviews  the  basic  mixing  mechanism  in  a 


non-linear  network,  with  particular  attention  being  given  to  describing  the  non-linear  characteristics  and  the 
resulting  electrical  behavior  of  Quantum  Barrier  Devices  in  response  to  excitation  at  many  different  frequencies. 


2.  Qualitative  Treatments 

Before  discussing  the  specific  aspects  related  to  quantum  barrier  devices,  the  intrinsic  frequency  conversion 
mechanism  of  a  typical  mixing  device  is  qualitatively  reviewed.  The  following  equivalent  circuit  will  be  used  to 
model  the  intrinsic  non-linearities  of  the  device.  The  series  impedance  due  to  the  bond  wire  and  contacts  is 
considered  to  be  linear  and  can  be  taken  care  of  if  considered  as  part  of  the  linear  external  embedding  network. 
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Figure  2.1  Equivalent  Circuit  of  a  Nonlinear  Diode 


A.  Conductive  Mixing 

The  following  polynomial  describes  the  current  flow  through  such  a  non-linear  conductance  as  a  function  of 
voltage  and  holds  for  any  applied  frequency  simply  with  a  change  of  coefficients,  a,- . 


Ut)=Ea,r(ty  (2.1) 

*  1=0 

In  the  presence  of  an  applied  bias  the  operating  point  will  be  altered  and  the  coefficients  of  equation  2.1  will 
require  modification.  Given  that  the  bias  is  ,  the  current  versus  voltage  characteristic  will  be  given  by: 


Ut)=  Za>(0' 


with 


ai=  I. 


1=0 


y=/(y-i)!(/  +  l)! 


Now,  with  a  local  oscillator  applied  and  under  a  single-tone  excitation,  the  time  domain  description  of  the  voltage 
across  the  device  is  given  by  : 


y(.t)  =  vioCOs{(Oi„l)+  I  v^^cos(o)^l-k(Vl„  +  l//^)  (2.2) 

*=-00 


It  is  assumed  that  the  local  oscillator  voltage  is  very  much  greater  in  magnitude  than  the  RF  signal,  and  that  under 
a  resistive  mixing  regime  where  conversion  loss  is  usual,  it  is  reasonable  to  assume  that  the  powers  of  any  inter¬ 
modulation  products  are  insignificant.  It  is  now  possible  to  approximate  the  conductive  current  by  Taylor 
expansion  up  to  the  linear  disturbance: 

CO  ,  I  00  /  ^  *  f  ) 

ig(0=  Za,VtoCOs(co;„0' +—  Z'a,(v/<,cos(«atoO)  I  |vtcos(£o,y^/-to;o?  + V/i)j+ .  (2.5) 

1  =  0  2’;  =  0  *=-“ 

With  some  algebraic  rearrangements,  equation  2.5  can  be  rewritten  as: 
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z  Go(n)exp(y>!ffl/oO+  I  Z  Gi(«)F„exp|j(<u^r  +  (n-m)ffl/o/)]+  Z  Z  Gi(n)  exp[/((«  + 

/7— 00  /!=— oom=— oo  «=— oo/«=-«o 


(2.6) 


where 


Coin) 


ii  ') 

fi  \ 

CO 

1 

z 

/  +  « 

G,{«)=  z 

i  +  n 

f=l„l 

^  2  j 

2'  H"l 

1 2  2 

(i  +  l)aj  v/o' 

2/+I 


,and  F„  = 


v^exp(7y„) 

2 


5.  Capacitive  Mixing 

Similarly,  the  nonlinear  capacitance  of  the  quantum  barrier  device  is  described  by  a  power  series,  as  follows: 

C(V(t))=ZbjV(ty  (2.7) 

7=0 

Hence,  the  charge  accumulated  in  the  barriers  is  given  by : 

00  .  , 

Q(m)=  EYOy  ^  (2.8) 

1  =  0 

and,  applying  Taylor  expansion  to  equation  2.8  in  the  same  way  as  we  did  for  the  conductive  current  gives: 


2(^(0)=  Zi,[v,oCos(cu,o/)]''*’*  +  lO  +  OiifvtoCOsiffl/^O]'  Z  v„cos(0^t-mo),p  +  y/J  (2.9) 

;  =  0  /  =  0 

Replacing  the  trigonometric  expressions  of  equation  2.9  by  using  a  phasor  representation,  and  differentiating  the 
whole  equation  with  respect  to  time  gives: 


i„(/)  =  -^e(K(/))=  I.jn(0,„Co(n)^'„exp(jncoiP)+  I  I.j(o)^ -{m- n)coi„)Q(n)V„exp[jXa>^t  -  (m- n)o)iat)]  + 

dt  /i=-«c  m=-«Ort=-co 

Z  Zy((«  +  -0}^)Cx exp[;((n  +  m)a},p  -  o^Oh-  - 

m=-fcn=-<o 


(2.10) 


where,  Co{n)=  Z 
i  =  \n\ 


C  +  \ 

i+\  +  n 
\  2 


biVio 


/+1 


'1/+I 


,  and 


c,M. 


i+/7 


,  and  =  - 


,exp(yym) 


2  2 


C.  Conversion  Matrix  and  Conversion  Loss 


The  total  current  flowing  into  the  mixing  device  is  the  sum  of  the  reactive  current  together  with  the  resistive 
current,  giving : 


/(0  =  ig(0  +  'c(0=  Z[Go(«)  +  y>!£U/oCo(«)]F„exp(yna);„0+  Z  Z  [Gi(«) +  y{®,/ -F®/o)Ci(«)K+«  exp(®^/ -p®/o0  + 

«-oo  n^-<op=-<xr 

Z  Z  \Gx(n)  + j{pcoia-o},j-)C^{,n)yp_„\x^{pci>,p-o},ft) 

n=-<o;3=-oo^ 

It  follows  from  the  second  term  of  equation  2.1 1  that  the  mixing  products  are  related  as: 


(2.11) 


Z  /p+  Z  V=  2  L  [Gx{.n)+Kco^-peo,„)CMYp*n 

P=~-O0  P=-<X)  fj  =  -a0p  =  -O!} 


ft^-QOp=~CO^ 


(2.12) 
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Assuming  that  the  LO  matching  condition  is  satisfied,  then  each  mixing  product can  be  determined,  and  each  is 
associated  with  an  appropriate  embedding  admittance  Ye^  in  the  following  way: 

Ip^Ip-VpYep  (2.13) 

Hence,  equation  2.12  can  be  rewritten  as 

I p  +  l'p’  =  I  [Gi(«)  +  y(a),^  -pfflfo)C,(«)]Kp+„  +{G,(0)  +  y(<y,^  -p®;o)C,(0)  +  yep}K^  + 

ZT  (2.14) 

I  [G|(/i)  +  y(p(a,o-£B,j-)C,(n)K+„‘  +  {G,(0)  +  y(P<»/o-^;/)Q(0)  +  ^'^P 

k*n 


where p ,  can  be  any  number  that  represents  the  harmonic  index.  The  valuep  =  0,  represents  the  RF  signal.  In  the 
following  analysis,  we  let  k  -th  harmonic  of  the  LO  signal  to  be  mixed  with  the  RF  signal  to  form  an  IF  product, 
(i.e.  CO  if  =  coi„  -  kco,f) ,  so  that  I'k  and  represent  the  IF  current  and  voltage  respectively.  Subsequently,  the  image 

current  and  voltage  at  will  be  represented  as  /'2i*and  ^2^*  respectively.  Since  all  frequency 

components  other  than  the  image,  the  IF,  the  RF  and  the  LO  are  considered  short-circuited,  we  can  reformulate 
equation  2.15  using  a  matrix  representation  as  follows  : 


J'o 

I'k 

Ilk 

Or,  more  explicitly 


I  0 

CiW  +  Aa'r/iCiW  +  yeo 

GiW^Kco^)Cm 

GxW-  K<D^)Cx(2k) 

Yo 

I'k 

= 

G,(A)  +  y(cj,^-A<y,„)CiW 

G]  (0)  +  Jtco^  -  to/o  )Ci  (0)  +  Yek 

G\{k)  -  J(<o^  -  kmto)Cx(k) 

Yk 

4i 

Ilk 

G\(2k)  +  Jtlkcoio  -  <Off)C\{7,k) 

G]  {k)  +  Klkcoio  -  co^)Cx{k) 

Gi  (0)  -  J(2ka>ig-  (Off  )Ci  (0)  +  Ke  24 

(^'2*  J 

Assuming  that  the  terminating  admittance  of  the  image  is  Yi„,  then  equation  2.16  gives  the  minimum  conversion 
loss  under  a  matched  condition  as: 


Xo.o 

yo.k 

yo.2k 

’h)  ’ 

= 

yk.o 

yk,k 

>'*,24 

h 

yikfi 

yik,k 

Ylkfik 

flk. 

(2.16) 


ic  = 


(/oo-l'eo)  {Ykk-yek)-yok^ko' 


iYkof\YeoYek\ 


(2.18) 


where 


^0  -  >^0,0 


•  * 

yo.ik  yik.o 

Yiti  ^yik.ik 


^kk  -yk,k 


yk,2k  yikjc 

Yim  +y2k,2k 


Yok  -  yo,k 


•  * 

y0,2k  y2k,k  ^ 
Yim  +  yik.lk 


and  Yto  =  ykfl- 


yk,2k  yikfi  _ 
Yim+yik.lk 


D.  Implications  for  QBD  Based  k=2  sub-Harmonic  Mixer 

The  important  features  of  a  sub-harmonic  mixer  based  on  a  Quantum  Barrier  Device,  will  be  deduced  with 
respect  to  the  previous  analysis. 

*  The  Voltage-Independent  Admittance  and  Unbiased  Capacitance 
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From  equation  2.18,  the  conversion  loss  will  decrease  when  the  magnitudes  of  Fqo  and  decrease.  This  implies 
that  the  values  ofRe{yoo}.Re{rtt}  and  should  be  minimized.  Neglecting  image  recovery,  we  have 

too  =  yoo .  Vkk  =  Ykk  >  yok  =  yok .  and  Yko  =  yko  ■  However,  from  equation  2.17,  Re{voo}  and  Rely^l  are  : 

ri  \  : 

Relvool  =  RelVii}  =  C7i(0)  =  Z  /  J  (2.20a) 

2 

which  contains  the  coefficients ai.cj—ai-i ,  which  do  not  appear  in  Koi  and  Y^^of  equation  2.19,  and  similarly, 

00  f' + n  b-v, 

Im{yoo}  =  Im{yi;t}  =  Q(0)=  Z  '  +  1^^  (2-20b) 

t  =  2  )  2 

which  contains  the  coefficientsio.^i-  •4-2  which  do  not  appear  in  foiand  4oOf  equation  2.19.  Thus,  the 
coefficients fli, <22-  •flA-i  and  4,6,... .4.2  contain  only  the  low  order  non-linearities  and  will  not  contribute  to  the  IF 
component.  In  a  lc=2  sub-harmonic  mixer,  it  will  be  a,  and  60  which  do  not  appear  in  both  in  and  4o  of 
equation  2.18,  where  k  in  this  instance  is  2.  As  can  be  seen  in  equation  2.19,  the  coefficient  a,  represents  the 
linear  but  voltage-independent  conductance,  and  this  component  has  the  effect  of  reducing  the  non-linear  device 
current  which  could  otherwise  contribute  to  the  mixing  process.  Similarly,  the  coefficient  60  >  represents  the 
unbiased  capacitance  which  will  in  act  to  "shunt"  off  a  proportion  of  the  device  current  that  would  otherwise  be 
used  for  mixing.  In  other  words,  both  the  linear  conductance  and  the  unbiased  capacitance  will  significantly 
reduce  the  conversion  efficiency  of  a  mixer  and  as  such,  should  be  minimized. 

Now,  for  very  small  value  of  |z| ,  a  polynomial  p{z)  =  p^  +  p^z+PiZ^+....+p,2"  will  behave  like  +  of  with 

w>  1 ,  where  the  first  order  coefficient po,  is  referred  to  here  as  the  linear  conductance,  and  reflects  the  fact  that  it 
does  not  contribute  to  the  mixing  process.  Hence,  when  a  sub-harmonic  mixer  is  pumped  at  very  low  LO  powers 
(or  voltage),  the  effect  of  the  linear  conductance  po,  is  especially  significant  in  increasing  the  conversion  loss.  In 
the  case  of  the  quantum  barrier  device,  the  device  non-linearity  can  be  "tailored"  as  required.  It  is  therefore 
desirable  to  grow  the  layers  in  such  a  way  that  the  first  order  resistance  at  low  voltages  is  maximized,  in  which 
case  more  of  the  resultant  current  is  contributed  by  the  higher  order  polynomial  coefficients  (or  non-linearities), 
thus  improving  conversion  loss  at  higher  harmonic  numbers. 

*  The  First  and  the  Second  Minimum  Conversion  Loss 

If  the  local  oscillator  power  is  further  increased  beyond  the  negative  differential  resistance  (NDR)  regions  of  the 
current-voltage  characteristic,  the  effect  of  the  higher  order  non-linearities  becomes  dominant.  Since  the  current- 
voltage  characteristic  contains  negative  coefficients  for  some  of  the  higher  order  terms  in  the  power  series, 
resulting  from  the  existence  of  the  NDR  regions,  the  conversion  loss  will  not  necessarily  reach  saturation  in  the 
conventional  manner.  Instead,  it  will  reach  an  initial  minimum  in  the  conversion  loss  versus  LO  power.  After  the 
first  minimum,  the  NDR  regions,  and  their  associated  negative  coefficients,  will  enhance  the  conversion  loss  at 
various  harmonics  of  the  LO.  There  are  multiple  minima  in  conversion  loss  corresponding  to  the  regions  of  the 
QBD  current-voltage  characteristic,  before  the  current  peak,  in  the  NDR  region,  and  following  on  from  the 
current  minimum.  Associated  with  these  minima  in  conversion  loss  there  are  two  maxima,  which  correspond  to 
the  discontinuities  in  the  current-voltage  characteristic  at  the  peak  and  valley  currents.  The  measured  results 
shown  in  Figure  2.4b,  illustrates  these  features  clearly,  beyond  the  third  minimum  the  conversion  loss 
characteristic  is  thought  to  saturate  in  a  similar  way  as  a  Schottky  device,  although  this  was  not  measured 
experimentally.  Another  key  feature  shown  in  Figure  2.4b,  is  the  slow  degradation  in  conversion  loss  as  the  local 
oscillator  power  drops  below  -2dBm  (800pW).  This  slow  degradation  in  conversion  loss  compared  to  that  of  an 
unbiased  Schottky  based  mixer  is  another  significant  feature  of  the  QBD  based  mixer,  and  simply  reflects  the 
strong  degree  of  non-linearity  at  low  applied  voltages  in  such  devices.  To  maximize  the  efficient  use  of  the  LO 
power  so  that  the  minimum  LO  power  is  be  required  to  attain  the  first  and  the  second  minima  in  conversion  loss. 
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then  the  NDR  regions  in  the  current-voltage  characteristic  should  be  drawn  as  close  to  the  current-axis  as 
possible.  This  is  achieved  by  growing  the  double  barrier  layers  to  favor  a  lower  quasi-confined  energy  level,  that 
is,  a  wider  well.  The  high  orders  of  non-linearity  are  achieved  during  growth  by  ensuring  that  high  current 
densities  are  available  and  following  from  the  growth  of  barriers  with  high  transmission  coefficients,  that  is,  thin 
barriers.  The  structures  used  for  this  study  featured,  two  4.3nm,  A10.4Ga0.6As  barriers  and  a  S.lnm,  un-doped 
GaAs  well,  grown  by  The  University  of  Nottingham. 


fig.  2.4b 


Figure  2.4.  a)  Measured  IF  Power  Versus  LO  Power  Characteristic;  b)  Simulated  Conversion  Loss  Versus  LO  Power 

(CL=Conversion  Loss) 


*  Distribution  of  Harmonic  Powers 

In  the  case  of  a  Schottky  diode,  the  exponential  current-voltage  relationship  requires  that  o,+,  <  a,-  always,  in  the 
power  series.  Thus,  the  higher  the  order  of  the  sub-harmonic  mixer,  the  lower  the  conversion  loss.  However,  this 
is  not  necessary  the  case  for  the  QBD  sub-harmonic  mixer.  For  example,  considering  the  condition  where  the 
junction  capacitance  can  be  ignored,  and  following  some  algebraic  substitutions  in  equation  2.17,  we  find  that  the 
conversion  loss  for  a  k-th  harmonic  mixer  is: 

^  |(Cit  (2.21) 


where,  = 


k-\ 
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/=|0| 


IrJ 


(/  +  l)a.Vfo' 


and  = 


CO 


(i  +  l)a,Vto' 
21+1 


(2.22) 


For  the  QBV  the  coefficient  a-  of  equation  2.22  can  be  negative  to  account  for  the  negative  differential 
conductance  in  the  NDR  regions.  Hence,  will  not  necessarily  rise  monotonically  for  increasing  LO  voltages. 
Normally,  when  the  LO  voltage  rises  slightly  beyond  the  NDR  regions,  the  value  of  reaches  a  local  minimum. 
According  to  equation  2.22,  the  value  of  is  also  a  fimction  of  k,  meaning  that  a  different  harmonic  k,  will  yield 
different  values  in  the  minimum  of  C*  •  It  follows  from  equation  2.21  that  there  exists  an  optimal  conversion  loss 
for  certain  harmonic  k,  LO  power  and  layer  structure.  The  results  of  our  simulation,  for  the  previously  mentioned 
device  and  layer  structure  are  shown  in  figure  2.5,  suggest  that  the  conversion  loss  for  the  4-th  harmonic  QBD 
mixer  is  comparable  to  that  of  the  2nd  harmonic  one.  In  fact,  instead  of  restricting  ourselves  to  the  requirement 
of  the  second  harmonic  mixing,  we  can  choose  a  more  appropriate  harmonic  of  LO  to  cost-effectively  down- 
convert  an  RF  signal  to  the  IF  frequency. 
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I 


IF  Power 


LO  Power  (dBm) 

Figure  2.5  Simulated  IF  Power  versus  LO  Power,  for  a  mixer  pumped  by  LO's  of  different  harmonic  Order,  k 

3.  Measurements 

Various  Quantum  Barrier  Device  based  mixers  have  been  measured  and  the  results  from  two  different  devices 
and  layers  with  different  barrier  characteristics,  are  used  to  illustrate  some  of  the  aspects  mentioned  above.  By 
comparison  to  the  first  layer  structure,  the  second  device  features  two  1 .7nm  AlAs  barriers  and  a  4.3nm  GaAs 
well,  and  as  previously  mentioned  the  devices  have  similar  diameters  and  similar  capacitance.  The  test  fixture 
employed  for  this  investigation  was  a  second  sub-harmonically  pumped  down-converter  [7],  which  is  shown  in 
figure  3.3.  This  mixer  was  designed  to  down-convert  an  RF  signal  at  18-19  GHz,  and  give  an  intermediate 
frequency  of  around  900  MHz,  with  the  local  oscillator  input  being  approximately  half  that  at  8.5-9.5  GHz.  This 
is  a  frequency  scaled  analogue  intended  for  a  future  realization  at  a  frequency  ten  times  higher  than  this. 


Figure  3.1.  Layout  of  the  18-to-l  GHz  Sub-harmonic  Mixer  (Not  to  Scale) 

Case  1:  Device  of  10  Microns  in  Diameter,  (Calculated  Voltage-Independent  Conductance  =  0.0016  mho)  Figure 
3.2a  shows  the  measured  current-voltage  characteristic  of  the  Quantum  Barrier  Device.  The  best  conversion  loss 
was  recorded  to  be  5  dB,  with  a  local  oscillator  power  of  0.8  dBm  (l.lmW).  The  region  of  the  current-voltage 
characteristic,  which  corresponds  to  this  value  of  LO  power,  is  near  or  just  below  the  first  minimum  in 
conversion  loss.  The  trend  in  IF  power  versus  IF  frequency  for  a  local  oscillator  Power  =  Odbm,  and  RF  Power  = 
-20dbm,  is  illustrated  in  figure  3.2b. 
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I  (top) 


fig  3.2a 


fi>g3.2b 


Figure  3.2.  a)  Measured  IV  Characteristic  of  Quantum  Barrier  Device  of  10  Microns  in  Diameter  (Voltage-independent 
Conductance  =  0.0016);  b)  The  Measured  IF  Power  versus  LO  Frequency  for  LO  Power  =  Odbm,  RF  Frequency=18GHz,  and 

RF  Power  =  -20dbm 


Case  2:  Device  of  10  Microns  in  Diameter,  Calculated  Voltage-Independent  Conductance  =  0.024  mho.  Figure 
3.3a  shows  the  measured  current-voltage  characteristic  of  the  device.  The  device  diameter  is  the  same  as  that  in 
the  previous,  but  the  current  density  is  higher.  The  current-voltage  characteristic  of  this  device  differs  from  the 
previous  case  in  that  the  NDR  region  of  this  device  further  away  from  the  origin.  The  measured  IF  power  as  a 
function  of  LO  frequency  and  power  is  shown  in  figure  3.3b,  and  it  is  noticeable  that  the  device  appears  to  be 
operating  below  the  NDR  regions.  In  this  region  the  conversion  loss  increases  slowly  with  reducing  LO  power. 
The  conversion  efficiency,  over  a  similar  range  of  LO  powers  to  the  previous  example,  is  inferior  due  to  the 
noticeably  reduced  rate  of  change  of  current  as  a  function  of  the  applied  voltage.  Which,  when  considered  in 
terms  of  the  previously  mentioned  polynomial  description  of  the  current-voltage  characteristic,  equates  to  larger 
values  for  the  lower  order  coefficients  and  thus  a  reduced  conversion  efficiency.  However,  by  using  significantly 
higher  LO  powers,  in  order  to  exploit  a  greater  portion  of  the  characteristic  shown  in  figure  3.3a  (ie.  up  to  the 
current  peak),  it  would  be  possible  to  improve  on  the  measured  values  of  conversion  loss. 


fig  3.3a 


fig  3.3b 


Figure  3.3.  a)  Measured  IV  Characteristic  of  Quantum  Barrier  Device  of  10  Microns  in  diameter  (Voltage-independent 
Conductance  =  0.024);  b)  The  Measured  IF  Power  against  LO  Frequency  for  Different  LO  Power,  RF  Freq=l  8GHz,  RF 

Power=-23  dbm 
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4.  Discussions  and  Conclusions 

A  qualitative  treatment  has  been  presented  to  identify  the  significant  effects  of  factors  such  as:  the  location  of  the 
negative  dynamic  resistance  regions,  the  intrinsic  voltage-independent  conductance,  the  unbiased  capacitance  as 
well  as  the  effect  of  the  NDR  regions  on  conversion  efficiency  at  higher  harmonics.  Measurements  of  the  mixing 
performance  based  on  two  quantum  barrier  devices  from  different  layer  structures  have  been  used  to  illustrate 
some  of  our  initial  observations  from  this  study.  The  experimental  results,  together  with  our  analysis,  reveals  a 
number  of  factors  for  improving  the  intrinsic  mixing  performance  of  such  devices.  Namely,  at  the  device  level, 
the  device  should  be  fabricated  so  as  to  minimize  the  linear  conductance  and  the  unbiased  capacitance,  to 
optimize  the  conversion  efficiency  for  low  LO  powers.  Also,  the  NDR  region  should  be  drawn  as  close  to  the 
current-axis  as  possible  if  the  intention  is  to  minimize  the  LO  power  required  to  attain  a  minimum  conversion 
loss.  This  has  been  demonstrated  and  is  achieved  by  increasing  the  well  width  during  growth,  so  as  to  lower  the 
quasi-confined  energy  level  in  the  well  with  respect  to  the  fermi-energy  in  the  emitter.  Further  work  is  in 
progress,  to  perform  more  measurements  and  to  further  elucidate  the  effects  of  device  level  non-linearities  for 
optimum  sub-harmonic  mixing. 
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Abstract: 

In  this  paper  we  describe  the  realization 
and  electrical  performance  of  a  microma¬ 
chined  E-plane  filter  for  operation  at  a 
central  frequency  of  90  GHz.  The  micro¬ 
machining  technique  employed  here  for 
the  filter  fabrication  is  based  on  the  use 
of  an  ultra-thick  photoresist,  the  EPON 
SU-8,  which  gives  precise  control  of  2-D 
and  3-D  structures  at  the  l-lOO-pm  level. 
In  the  work  described  here,  the  E-plane 
ladder  was  micromachined  and  mounted  in 
a  conventional  metal  waveguide  for  electrical 
characterization  purposes.  The  results  show 
that  the  performance  of  the  micromachined 
filter  is  comparable  to  its  metal  counterpart. 


with  the  additional  advantages  of  a  much 
lighter  structure,  greater  ease  of  fabrication 
and  at  lower  cost. 

I.  Introduction 

As  the  wavelength  of  operation  becomes 
increasingly  small  at  frequencies  beyond  100 
GHz,  so  do  the  dimensions  of  the  physical 
circuit.  Integrated-circuit  technology  offers 
practical  advantages  for  millimeter  and  sub¬ 
millimeter  systems,  but  it  is  well  known  that 
the  planar  components  at  such  high  frequen¬ 
cies  become  subject  to  deleterious  substrate 
modes  and  other  loss  mechanisms.  Rectan¬ 
gular  waveguide  technology  remains  a  pop¬ 
ular  choice  in  the  millimeter  band  owing  to 
its  low  losses,  but  it  is  difficult  to  fabricate  at 
these  small  sizes  and  tight  manufacturing  tol¬ 
erances.  Consequently  much  research  effort 
has  recently  focused  on  the  development  of 
micromachining  techniques  to  allow  precise, 
reproducible  and  inexpensive  fabrication  of 
waveguide-based  components  in  the  millime- 
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ter  and  submillimeter  bands  [1]. 

One  technique  is  the  use  of  photoresists  to 
form  the  high-precision  skeleton  structures 
by  photolithography  [2,3].  The  main  phys¬ 
ical  limitation  of  this  approach  is  primarily 
imposed  by  the  maximum  thickness  achiev¬ 
able  with  standard  positive  photoresists  (100 
fim,  to  date).  Despite  the  fact  that  this  thick¬ 
ness  approaches  full  waveguide  height  at  in¬ 
creased  frequencies,  it  is  still  a  great  hand¬ 
icap  in  the  fabrication  of  closed  waveguide 
circuitery  such  as  mixer  blokes  and  oscilla¬ 
tors  cavities. 

This  problem  has  been  partially  solved 
with  the  introduction  of  the  untra-thick  neg¬ 
ative  photoresist,  EPON  SU-8  [1,3].  There 
are  two  main  properties  that  makes  of  this 
resin  especially  suitable  for  micromachining 
applications  at  W-band:  the  extremely  high 
physical  viscosity,  allows  high-precision  con¬ 
trol  of  the  thickness  up  to  1  mm  by  control¬ 
ling  the  spin  velocity.  Also  a  much  small  op¬ 
tical  absortion  coefficient,  allowing  the  whole 
micromachining  fabrication  process  to  take 
place  in  just  a  few  UV-exposure  steps. 

In  this  paper  we  present  the  practical  re¬ 
alization  of  an  E-plane  filter  operating  at  90 
GHz,  as  illustrated  in  fig.  1.  The  skeleton 
structures  of  the  metal  inserts  have  been  fab¬ 
ricated  in  SU-8  and  then  metallized  by  gold 
or  copper  sputtering.  The  filter  structure  was 
then  mounted  in  the  E-plane  of  a  conven¬ 
tional  metal  WR-10  waveguide. 

Both  simulation  and  experimental  results 
for  the  micromachined  filter  are  presented. 
It  is  shown  that  the  electrical  performance  is 
comparable  to  the  metal  counterpart,  how¬ 
ever  achieved  with  a  much  lighter  struc- 


ResontJtors  E-plane  septa 


Figure  1:  E-plane  filter  geometry  (a)  Waveg¬ 
uide  (b)  E-plane  metal  insert.  Dimensions  (mm): 
/i=1.602,/2=1.642,/3=1.644  (resonators),  di=0.0994, 
£<2=0.5737,  £<3=0.7211  (septum) 


ture,  and  at  considerably  lower  manufactur¬ 
ing  cost.  A  description  of  the  micromachining 
procedure  for  the  E-plane  inserts,  and  some 
useful  data  about  the  control  of  the  SU-8 
thickness  and  tolerances  are  also  given. 

II.  Waveguide  E-plane  Filter.  Analysis 

Design 

The  E-plane  waveguide  configuration  con¬ 
sisting  of  ladder-type  metallic  inserts  cen¬ 
tered  in  the  E-plane  of  a  rectangular  waveg¬ 
uide  offers  great  potential  for  realising  low 
dissipation  loss  millimeter-wave  filters  [4]. 
Furthermore,  pure  metal  inserts  without  sup¬ 
porting  dielectrics  can  be  advantageous  for 
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reducing  losses  in  high-Q  millimeter-wave 
circuits  [6]. 

In  this  paper,  a  five  resonator  filter  has 
been  fabricated  and  tested  for  operation  at 
W-band.  The  design  was  obtained  by  scaling 
the  dimensions  of  a  9  GHz  filter  for  operation 
at  90  GHz.  The  dimensions  are  given  in  fig. 
1,  and  are  simply  10  times  smaller  than  the 
dimensions  of  the  original  9  GHz  filter  [6],  as 
derived  in  [4]  by  Postoyalko  et  al,  based  on  a 
Cohn’s  equal  ripple  optimization  procedure. 
The  theoretical  performance  of  the  scaled 
version  was  obtained  by  a  full-wave  approach 
based  on  the  finite  element  method,  imple¬ 
mented  by  Hewlett-Packard  (High  Frequency 
Structure  Simulator,  v.  5.0)  [7].  The  simula¬ 
tion  results  together  with  the  measured  val¬ 
ues  are  discussed  in  section  IV. 


Figure  2:  Fabrication  overview 

III.  Fabrication  Procedure 

The  process  for  fabricating  the  E-plane  in- 


Figure  3:  SU-8  thickness  versus  spin  velocity 


sert  is  shown  in  fig.  2.  A  layer  of  SU-8  is  ap¬ 
plied  to  a  glass  substrate,  previously  coated 
with  an  evaporated  sacrificial  layer  of  alu¬ 
minium  (fig.  2.a,b).  The  thickness  of  the 
SU-8  can  be  controlled  using  the  spin  veloc¬ 
ity,  to  a  precision  of  ±  5  fim.  The  relationship 
between  the  SU-8  thickness  and  the  spin  ve¬ 
locity  has  been  obtained  empirically,  and  is 
ahown  in  fig.  3.  For  this  application,  the 
spin  velocity  was  adjusted  to  5200  rpm  dur¬ 
ing  120  s,  producing  a  thickness  of  SU-8  of  30 
^m.  This  thickness  is  less  than  one  percent  of 
the  wavelength  at  W-band,  and  is  regarded 
as  acceptable  for  good  performance  [4].  The 
wafer  is  then  exposed  to  UV  radiation  for  90 
s  (fig.  2.c).  Owing  to  the  negative  charac¬ 
ter  of  the  SU-8,  the  areas  exposed  to  the  UV 
radiation  harden,  and  the  unexposed  areas 
can  be  etched  away  by  the  development  of 
the  photoresist.  The  shape  of  the  filter  insert 
then  appears  attached  to  the  glass  substrate 
(fig.  2.d).  It  is  finally  released  by  inmersing 
the  wafer  in  a  solution  of  potassium  hydrox- 
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Figure  4:  Photograph  of  the  SU-8  micromachined 
skeleton  of  the  E-plane  insert  after  metallization  by 
gold  sputtering 

ide  (KOH)  which  etches  away  the  aluminium 
and  releases  the  filter  element  (fig.  2.e). 

Once  fabricated,  the  skeleton  structures 
are  metallized  with  gold  or  copper  by  sput¬ 
tering,  to  a  thickness  of  at  least  600  (two 
skin  dephs  at  W-band).  Fig.  4  shows  the 
photograph  of  the  E-plane  filter  insert  after 
sputtering,  and  in  fig.  5,  the  final  look  of 
the  filter  after  mounted  in  the  test  fixture. 
Note,  the  test  fixture  contains  two  lengths  of 
waveguide,  so  that  the  filter  can  be  compared 
directly  with  an  empty  section. 

IV.  Results 

Fig.  6  shows  the  simulated  and  measured 
insertion  and  return  loss  curves  of  the  mi¬ 
cromachined  filter.  The  simulation  results  in 
solid  line  correspond  to  the  return  loss,  and 
the  insertion  loss  is  in  dashed  line.  The  cal¬ 
culated  minimum  pass-band  insertion  loss  at 
the  central  frequency  is  0.001  dB,  the  maxi¬ 
mum  return  loss  is  more  than  27  dB  (less  than 


Figure  5:  Final  aspect  of  the  filter  after  mounted 
in  the  test-fixture 


Figure  6:  Scattering  response  of  the  micromachined 
filter.  Comparison  between  the  measured  data  in 
markers,  and  the  predicted  filter  response  from  the 
full-wave  analysis,  in  solid  (Sn)  and  dashed  (5i2) 
lines 

0.7  dB,  which  is  a  typical  value  for  the  con¬ 
ventional  metallic  E-plane  filters  [8]).  The 
relative  bandwith  is  about  40  %.  The  mea¬ 
sured  minimum  insertion  loss  is  1.5  dB,  and 
the  maximum  return  loss  is  18  dB,  being  at 
least  15  dB  in  the  band  of  interest.  Also  re- 
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markable  the  good  rejection  in  the  frequency 
stop-band,  despite  the  high-order  interaction 
of  the  inductive  strips,  which  influences  the 
stopband  behaviour  of  the  filter  at  higher  fre¬ 
quencies. 

V.  Conclusions 

In  this  paper  we  have  demonstrated  the 
feasibility  of  making  an  E-plane  filter  op¬ 
erating  at  W-band,  which  has  been  micro- 
mached  based  on  the  SU-8  photoresist.  The 
precise  control  of  the  thickness  at  the  1-100- 
Hm  level  achievable  with  the  SU-8  just  by 
a  simple  spin  velocity  adjustment  allows  the 
straightforward  fabrication  of  the  2-D  and  3- 
D  structures  required  for  waveguide  circuits 
at  this  frequency.  The  results  of  the  elec¬ 
trical  response  of  the  filter  shows  a  com¬ 
parable  performance  to  the  all  metal  coun¬ 
terpart,  but  achieved  with  a  much  lighter 
waveguide  structure.  Also  of  note  is  the  ease 
and  low  cost  of  manufacture  of  the  SU-8- 
based  process,  which  confirms  this  technique 
as  an  alternative  for  mass  production  of  high- 
performance  components  at  W-band  and  ter¬ 
ahertz  frequencies. 
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